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Abstract
The incorporation of phosphoryl choline onto synthetic surfaces has been found to 
greatly increase the biocompatibility of these materials. Recent developments have led to 
the use of phosphoryl choline containing polymers as biocompatible coatings. In order to 
determine the surface stability of these polymers, tritiated versions were prepared by the 
reduction of unsaturated precursor polymers with tritium gas. The regiospecificity of the 
labelling was confirmed by the use of tritium NMR spectroscopy including lanthanide shift 
reagent studies. A radio-gel permeation chromatography method was developed to 
determine the radiochemical purities of the tritiated polymers. From this analysis the 
radiochemical purities were shown to be greater than 98%. A selection of the tritiated 
polymers were coated onto various medical materials and incubated over a ten day period 
with buffers ranging from pH 4 - 9 at temperatures of 20°C, 40°C and 60°C. No significant 
leaching from these surfaces was observed.
Phosphoryl choline containing compounds are thought to confer biocompatible 
properties because of the ability of the headgroup to associate large quantities of water. The 
final chapter describes an investigation of the ability of phosphoryl choline and other 
structurally similar headgroups to associate with deuteriated water by studying the T\ 
relaxation times of the water molecules using deuterium NMR spectroscopy. A comparison 
of these results and those obtained from haemocompatibility tests indicated that no simple 
relationship was apparent between the ability to bind water and provide a biocompatible 
surface.
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21.1 Introduction
In recent years there has been increasing interest in the application of novel 
materials in the medical field. A key factor in many such applications, which range from 
dentistry and implants to wound dressings and drug delivery systems, is the 
biocompatibility of the material.1
The potential of this area is enormous. A recent report by the U.S. Business 
Communications Company indicated that the sales of biocompatible materials should 
account for over $1000 million by 1995. The world-wide figures would be roughly double 
that of the U.S. The report further emphasised the requirement for the development of new 
biomaterial compositions and structures which have both useful and controllable bulk and 
surface responses to external stimuli.1
In modem medicine the ability of man to reconstruct his own body using 
mechanical structures is rather limited. However, it is possible to place materials within the 
body to reconstruct or restore, in part, some lost function, but this can only be done under 
certain circumstances and with very limited objectives.
There are many reasons why the surgical reconstruction of man is so difficult; the 
majority of these fall into two categories. The first concerns the difficulties associated with 
replacing or augmenting living tissues that are highly organised but dynamically 
responsive and structurally complex with synthetic materials that are non-living, 
structurally naive and unresponsive. Fortunately in some applications this does not seem to 
matter so much, for example mercury amalgam is used to replace the enamel/dentine in 
teeth, poly(methyl methacrylate) can replace the lens in the eye and titanium can replace 
the bone of the femur. However success will always be limited until materials are used that 
show greater similarity to those they are replacing. The second reason is that when a 
material is replaced or implanted into the body an interface with the existing tissue is 
formed. Biological tissue can be extremely aggressive towards any foreign invading object 
but on the same hand it can also be extremely sensitive to its presence. However depending 
on the application of the device, for example plasters and sutures, some are not necessarily 
in extremely aggressive environments. Interfaces with biological tissues and fluids can be 
temporary, such as with devices like catheters and guidewires; other applications can also
3be ex-vivo, for example extra corporeal circuitry, blood filters and bags. Therefore it would 
be highly desirable if a truly biocompatible material could be developed so the body would 
see and interact with it as if it were natural.2’3
In the present chapter the term biocompatibility is introduced and developments 
using a biomimetic route based on natural membranes are discussed. Also included is an 
account of the recent developments that have taken place in the field of biocompatibile 
polymers and coatings.
41.1.1 Structures of Compounds Described in Chapter 1.
The compounds shown in this section are introduced and discussed with reference 
to biocompatibility:
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1.2 Biomaterials
Materials that are used in the biomedical area and which come into prolonged 
contact with biological tissue are described under the heading biomaterial.5 Selected 
examples are given in Table 1.1.
Typical Biomaterial Used Application
Titanium and polyethylene 2 Hip replacement
Poly(methyl methacrylate)6 Contact and intraocular lenses
Polyvinyl chloride (PVC) 7 Extra corporeal tubing (e.g. dialysis)
Mercury amalgam, poly ethers/imines 8 Teeth
Table 1.1 Examples of biomaterials and their applications
As biomaterials are often required to function for long periods of time it is 
important that the choice of polymer is made very carefully. Often they may have the 
correct mechanical and physical properties but due to their inherent differences in structure 
and properties from natural materials they are not completely biocompatible and with time 
deterioration in their performance is witnessed. This has happened in many areas where 
conventional biomaterials are used e.g. hip replacements and catheters, and has led in turn 
to the development of improved biomaterials.2
Biomaterials have been applied to a large number and range of uses within the 
medical field. These vary from long term in-vivo applications e.g. heart pacemakers and 
artificial hips, to short term ex-vivo applications e.g. blood filters and tubing. In all of the 
various applications there is the requirement that no adverse reactions between the 
biomaterial and its environment should occur.5 One of the most common and well known 
areas where biomaterials play an important role is within dentistry. Mercury amalgams 
have been successfully used as a replacement for enamel/dentine in teeth, as they do not 
adversely react with saliva and other biological fluids within the harsh conditions of the 
mouth. Recently more specialised polymeric fillings have been developed as alternatives to 
amalgam. These polymers must be able to be shaped and cured in position, possess the
11
correct physical properties, be able to cope with the range of conditions in the mouth and 
importantly, not become a site for bacterial infection.8
Another common use of biomaterials is for contact lenses. As these materials come 
into contact with the eye they need very specialised properties. The first material to be used 
for this application was glass but this was later replaced by poly(methyl methacrylate) 
(PMMA) (1) because of its toughness, its optical properties and its physiological 
inactivity.6 Contact lenses made from PMMA are hard because of their physical properties. 
More recently soft contact lenses have gained in acceptance because of the added comfort 
they provide to the wearer. Soft lenses are based on cross-linked polymeric hydrogels 
which have the ability to associate water and hence make the lens softer and more 
comfortable to wear.6 One of the simplest hydrogels is poly(2-hydroxyethyl methacrylate) 
known as polyHEMA (2).6 Its structure is very similar to that of PMMA with the 
significant difference being that every unit of polyHEMA contains a hydroxyl group. In the 
absence of water both PMMA and polyHEMA are hard, clear and glassy but when in 
contact with water they behave very differently. Whereas PMMA's properties remain 
unchanged the -OH groups in polyHEMA interact with water molecules converting it to a 
clear elastomeric gel. The properties of a hydrogel are influenced both by the structure of 
the polymer network and by the water, which acts as a conventional plasticiser. More 
significantly the water performs two other functions. It acts as a bridge between the natural 
and the synthetic systems giving greater 'biocompatibility' or probably biotolerance. It also 
confers membrane properties on the hydrogel allowing transport of oxygen and water 
soluble metabolites through the polymer matrix. The advances in the soft contact lens area 
has in turn stimulated interest in the development of improved hard lens materials to 
replace PMMA. These materials are predominantly based on siloxy methacrylates, which 
contain branched dimethyl siloxane (3) substituents on a methacrylate stem. As a result 
they combine, to a certain degree, the high oxygen permeability of silicone rubber (rigid 
gas permeable lenses) and the convenience of free radical polymerisation.6
Although polymers such as polyHEMA possess properties that render them very 
useful in contact lenses there are still problems associated with protein fouling and lipid 
adsorption which reduce the comfort and applicability of the lens.9 If a truly biocompatible
12
material could be produced then the problems associated with conventional materials could 
be reduced still further and possibly eliminated.
1.3 The Concept of Biocompatibility
The contact of a 'foreign material' (biomaterial) with biological tissue/fluids 
typically causes adverse reactions to occur at the interface (Fig. 1.1).
Foreign-body reactions
L IV IN G
SYSTEM
Bioadhesion BIOMATERIAL
Physical and Chemical
Damages
Fig. 1.1 Interaction of a biomaterial with a living system.5
Tissue-biomaterial interactions are highly complex and largely unpredictable. There
are many components and sequences to these interactions, but for simplicity they may be
identified as follows:
1. The initial events that occur at the interface, largely concerned with the physiochemical 
phenomena that take place in times measured in seconds or minutes following contact 
between the biomaterial and tissue.
2. The effect that the presence of a foreign body has on the tissue surrounding the implant, 
which may be seen at any time ranging from minutes to years.
3. The changes seen in the material as a result of its presence in the tissues, usually 
described under the headings of corrosion or degradation.
4. The results of the sequences of interfacial reactions that are seen systemically 
(throughout the whole body) or at some specific or remote site.
These four topics taken together constitute the subject of biocompatibility.5
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1.3.1 Contact of Biomaterials with Blood.
It was as long ago as 1863 that Joseph Lister noted "the real cause o f the 
coagulation when shed from the body is the influence exerted on it by ordinary matter. . . .  
the contact o f  which effects a disposition to coagulate".10
The contact of biomaterials with blood is an area that is of extra special interest as 
there are a large number of instances whereby blood comes into contact with 'foreign' 
materials. These can be categorised into two groups, ex-vivo and in-vivo. Typical examples 
are given below.
Ex-vivo uses include blood bags, filters, containers and extra-corporeal circuitry
(where blood has to be re-routed outside the body through artificial pathways) for use in
dialysis and surgical procedures. In-vivo uses include heart valves, veneous catheters, 
coronary stents and guidewires.
Contact of a foreign material with blood, due to the interfacial incompatibilities 
(non haemocompatibility), generally leads to a series of events: (Fig.1.2).11’ 12>13
1. Protein (fibrinogen) deposition and dénaturation.
2. Platelet adhesion and activation.
3. Activation of the clotting cascade and then production of a thrombus.
4. The potential for cellular damage and bacterial colonisation.
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Blood
Biomaterial
Clotting Cascade
(Various blood 
co-factors)
Fibrinogen
Biomaterial
Thrombin
Fibrin
+
Acivated platelets Biumaierial
Clot Formation
Fig.1.2 Simplified schematic diagram showing the stages leading to thrombus formation.9
Considerable research time and effort has been expended on developing materials 
that are haemocompatible on exposure to blood in order to generate non-thrombogenic 
surfaces. However, due to the complexity and interdependence of the factors governing 
protein deposition, platelet activation and coagulation, very few haemocompatible 
materials have been reported.10
1.3.2 Solutions to the Problems of Non-Haemocompatibility
The ideal haemocompatible material should not cause any adverse reactions to 
occur between itself and the blood it is in contact with. Many attempts have been made to 
overcome the problem of non-haemocompatibility, the most successful but not necessarily 
desirable, being the modification of the blood itself by using heparin as an anti-coagulant.12
In the case of extra corporeal procedures such as cardiopulmonary bypass surgery, 
heparin, a natural anti-coagulant found in liver cells, is administered. It has a 
pharmacological effect on the blood, changing its biochemical properties and reducing its 
ability to coagulate. However there are many complications associated with this procedure 
e.g. uncontrolled bleeding leading to increased transfusion requirements. Although heparin 
inhibits thrombus formation, many of the initial events in the clotting cascade proceed
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unhindered. Consequently protein adsorption, platelet adhesion and activation at the 
blood/biomaterial interface and platelet aggregation within the blood itself therefore occur. 
Heparin also requires neutralisation following treatment. All these events contribute to a 
lowering of the quality of the patient's blood and therefore lead to a longer recovery time 
being required by the patient.12
In an attempt to eliminate surface induced thrombosis antithrombic moieties, such 
as heparin, have been pre-adsorbed onto the surfaces of polymers and included into some 
co-polymer lattices.14 Drawbacks to these types of methods are the gradual erosion of the 
heparin from the polymer, haemolysis (hydrolysis of the blood cells) and the inability of 
the heparin to stop the activation of platelets.13’15’ 16
Apart from heparin, other materials with known anti-thrombotic activity have been 
utilised to prepare inert biomaterials. Urokinase, an enzyme that dissolves fibrin (the basis 
of clots), has been immobilised on a polymer support (a chemically treated nylon).12 Other 
similar enzymes have also been used.12
Along with the inclusion of anti-thrombotic molecules onto and into polymeric 
structures there have been other attempts to produce haemocompatible surfaces. Some 
researchers have suggested that the key to producing these materials is to have a negatively 
charged surface, although other research contradicts this point of view.10 Others have 
suggested the use of hydrophobic surfaces, or that an albumin coated surface would be 
haemocompatible.17 Whilst these different methodologies have not produced a wholly 
haemocompatible material it is likely that a link between cell biology and polymer 
chemistry would provide an avenue for the production of new and better 
biocompatible/haemocompatible materials.12
1.3.3 Surface Biomimicry
Surface biomimicry is concerned with the replication of biologically inert 
surfaces.11 The interface of a biological membrane which is in contact with blood has to be 
haemocompatible by its very nature, therefore by mimicking these types of biological 
interfaces on synthetic surfaces the same type of haemocompatible properties could be 
expected. The development, characterisation and application of polymeric phospholipids
16
which mimic the lipid surfaces of red blood cells have been studied." The development of 
these types of compounds has come about as a result of studies on the structure and 
function of biological membranes.18 The application of these stable membrane mimicking 
polymers is based upon studies on the role of natural phospholipids in haemostasis (the 
arrest of bleeding) and thrombosis.19
The plasma membrane is the interface between the cell and it's direct environment. 
Research has been carried out into the structure and dynamics of biological membranes and 
the picture that emerges is one of a fluid matrix of lipid bilayers in or upon which proteins 
or glycoproteins are situated, Fig 1.3.9*18
Glycolipid
Phospholipid Proteins
Fig. 1.3 A representation of a biological membrane showing the basic lipid bilayer 
containing proteins and glycoproteins.
Typical mammalian cell membranes show an enormous diversity in composition 
and may contain over 100 different lipid types. The diversity arises as a result of variations 
within the hydrophobic (acyl chains) and the hydrophilic (polar head groups) portion of the 
amphiphilic structure (Fig.1.4).10
hydrophilic portion
hydrophobic portion
Fig.1.4 Schematic diagram of a diacyl phospholipid showing amphiphilic regions.
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Naturally occurring phospholipids generally contain glycerol (4) which is esterified 
in the 1 and 2 positions with fatty acids and a phosphate group in the 3 position. In typical 
membrane phospholipids the phosphate group is esterified with an additional alcohol, for 
instance in phosphatidylcholine, PC (5), phosphatidylethanolamine, PE (6), 
phosphatidylserine, PS (7), and phosphatidylinositol, PI (9). At physiological pH these 
phospholipid molecules exist as zwitterionic structures (PC, PE and sphingomyelin (SM( 
(8) or as negatively charged species (PS and PI).20
Phospholipid molecules contain both hydrophobic and hydrophilic portions which 
are critical to the function of biological membranes. The alkyl chains provide the 
hydrophobic region of the molecule which is essential for the function of the membrane. 
Each different phospholipid bilayer and subsequent macro structure is characterised by a 
phase transition. Below this transition they exist in a quasi-crystalline array (akin to liquid 
crystals) and above this they exist in a more fluid form.10’21
The hydrophilic regions (polar head groups) are in contact with the surrounding 
aqueous medium and these headgroups contribute mainly to the interfacial properties of the 
membranes. The predominant headgroup present in mammalian cell membranes is 
phosphoryl choline which forms the polar moiety of both phosphaditylcholine (PC) and 
sphingomyelin (SM) (Fig. 1.5).11
0 +
I / N —  Phosphoryl choline headgroup'WW (J---y ---u  /  ^ \
0
Fig. 1.5 Chemical structure of the phosphoryl choline headgroup, showing zwitterionic 
features.
1.3.4 Membrane Lipid Asymmetries
One of the characteristic features of biological membranes is their functional and 
compositional lipid asymmetry. This asymmetry is thought to stem from the requirement of 
biological membranes to have asymmetric protein distributions across the lipid bilayer.22 In 
all of the cells for which lipid compositional asymmetry has been described, the negatively 
charged phospholipids, such as PS, are found predominately on the inner leaflet of the
18
plasma membrane (cytoplasmic region). The zwitterionic phospholipids, containing the 
phosphoryl choline headgroup (PC and SM), are located in the outer (extracellular) leaflet 
of the plasma membrane, Fig.1.6.11
extracellular
cytoplasmic
•  negatively charged lipds 
o zwitterionic lipids
membrane proteins
Fig.1.6 Schematic representation of the distribution of some biomembrane components. 
Lipid asymmetries are shown as a difference in polar headgroups, with the predominantly 
negatively charged lipids localised at the cytoplasmic region.
Biological research has suggested that for red blood cells (erythrocytes) this lipid 
asymmetry may help to maintain the delicate balance between haemostasis and 
thrombosis.19’ 23> 24 Although there is a marked difference in the biological function of 
erythrocytes and platelets, they both show similarities in their phospholipid orientation. PC 
and SM form the majority (88%) of the outer lipid layer of erythrocyte (red blood cell) 
membrane. Fig. 1.7c. The remaining 12% is contributed by PE type lipids. The outside 
surface of the platelet consists of 78% PC , 20% PE and 2% PS containing headgroups, 
Fig.l.7a.
The inner leaflet of both platelets and erythrocyte membranes consists of a large 
proportion, approximately 70%, of PE, PS and PI containing lipids, Fig.l.7d and 1.7b.
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a. Platelet membrane (outside) b. Platelet membrane (inside)
c. Erythrocyte membrane (outside)
z .......
d. Erythrocyte membrane (inside)
H - Phosphatidylcholine (PC)
I I - Phosphatidylethanolamine (PE)
I I - Phosphatidylserine (PS) and Phosphatidylinositol (PI)
Fig.l.7a-d Schematic representation, showing the distribution of the major phospholipids 
within the plasma membranes of human platelets and erythrocytes.25
The cytoplasmic (inner) surface of plasma membranes of erythrocytes and platelets 
have been shown to demonstrate highly pro-coagulant activities when assayed in vitro. 
However the outer surfaces have proved inactive in coagulation tests.26 These results have 
been confirmed by more recent researchers who have used conventional as well as 
polymerisable phosphoryl choline containing molecules.11’26
The simplest common feature that can be discerned from non-reactive 
(biocompatible) natural membranes is the high percentage of electrically neutral 
phospholipids that contain the phosphoryl choline headgroup, i.e. erythrocyte extracelluar 
membrane, 88%. Therefore by preparing a surface made to mimic these natural 
membranes, with the phosphoryl choline headgroup forming the interface, it has been 
possible to inhibit the stages that lead to thrombosis and hence form a non thrombogenic
20
surface.11- 26> 27 By this approach the surface properties of various materials have been 
modified by the incorporation of a phosphoryl choline containing molecule or polymer to 
produce a biocompatible material.11> 26>27
1.4 Phosphoryl Choline Containing Coatings
The phosphoryl choline headgroup is zwitterionic with a high binding affinity for 
water.9 Materials coated with a phosphoryl choline containing derivative are rendered very 
hydrophilic. It has been suggested that phosphoryl choline surfaces are biocompatible 
because when a protein approaches a close packed phosphoryl choline containing interface, 
it is confronted by an inpenetrable 'sea' of bound water,9 which therefore inhibits 
interaction with the surface. The high affinity of phosphoryl choline surfaces for water can 
be shown by the calculation of contact angles of materials prior to and following coating of 
a phosphoryl choline derivative. The contact angle of the surface of both polyvinyl 
chloride and polyethylene is dramatically reduced following coating with 
dipalmitoylphosphatidylcholine (DPPC) (10) or diacetylenicphosphatidylcholine (DAPC) 
(11) (polymerised), Fig.1.8.9’12
X-ray diffraction studies have shown that immobilised phospholipid layers on 
surfaces have a lamellar configuration and therefore present a tightly packed, membrane 
like stable array.28
Commercially available dipalmitylphosphatidylcholine (DPPC) (10) has been 
successfully used to produce model membranes using Langmuir-Blodgett techniques29’ 30 
which have in turn been used to study the blood coagulation process.18’31 However it is 
generally accepted that these layers are unstable 32> 33 due to the instability of the coated 
lipid. The forces that act between the phospholipid and substrate are weak forces such as 
Van der Waal's and hydrophobic attractions which can easily be broken down. As a result, 
these organised structures easily lose their structural integrity.
To overcome the problem of the instability of phospholipid molecules with only 
two hydrophobic points of attachment, phospholipid analogues with multiple hydrophobic 
points of attachment such as polymerised diacetylenicphosphatidylcholine (DAPC) (11) 
have been studied. Diacetylenicphosphatidylcholine (DAPC) (11) contains acetylenic
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functionalities within the hydrophobic backbone, and can be polymerised on exposure to 
ultra-violet (UV) or gamma (y) radiation, Fig.1.8.34
spectroscopy. It has been suggested that the conjugated triple bonds in the monomer, on 
irradiation with UV or y radiation are replaced by an alternating double bond and triple 
bond conjugated system, hence the intense orange colour of these matrices.12’35
Diacetylenic polymerisation can occur in the solid state. This reactivity is a 
function of the preservation of the structural order of the monomeric lattice i.e. 
polymerisation proceeds most rapidly when the crystalline phase of the polymer most 
closely resembles that of the monomer.36 Polymerisation, which can occur at 4°C using a 
UV or y source, may take place in a number of ways. The phospholipids may be in the 
solid state, dispersed in aqueous solutions to form vesicles, arranged at an air-water 
interface or deposited as multilayers on a suitable polymer support, e.g. a hydrophobic
O
II
o
II
O—P =  0
o
o
UV or y radiation
t = PCO
CH,
+
N
II
Fig.1.8 Formation of polymerised diacetylenicphosphatidylcholine (DAPC).
The polymeric structure has been characterised by 13C-NMR and Raman
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biomaterial such as polyvinyl chloride or polyethylene, or following the biosynthetic 
incorporation of DAPC type molecules into the membranes of living cells.11
Polymeric diacetylenicphosphatidylcholine (DAPC) (11) coatings with long alkyl 
chains, high phase transition temperatures and tight molecular packing have been used to 
form very stable haemocompatible coatings, Table I.2.11» 33 The evaluation of the 
haemocompatible properties of a material can be carried out, in vitro, by bringing it into 
contact with fibrinogen (a blood protein involved in thrombus formation) and whole blood. 
The better the material is at reducing the adsorption of fibrinogen and platelets and 
reducing the activation of platelets, the better its haemocompatible properties. A 
completely haemocompatible surface would not be expected to adsorb any fibrinogen nor 
activate or adsorb any platelets.
Substrate Reduction in adsorption(%) 
fibrinogen platelets
Platelet activation
PVC 90 99 no
Polypropylene 83 86 no
Polyethylene 86 99 no
Polystyrene 90 80 no
Polyurethanes 69 97 no
Polyimides 91 96 no
Steel 84 97 no
PTFE 90 90 no
Polyamide 84 90 no
Table 1.2 Haemocompatibility of phosphoryl choline coated surfaces in vitro compared to 
uncoated controls.10
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The haemocompatibility of polymerised DAPC (11) coatings has also been 
demonstrated in 'in-vivo' tests37 and compared in surgical procedures with heparinised 
surfaces.38
1.4.1 Biomembrane Mimetic Modifications of Polymer Surfaces
Apart from the coating of phosphoryl choline containing molecules onto the surface 
of hydrophobic polymers another approach that has been used is to covalently attach a 
phosphoryl choline containing molecule to the surface of the polymer itself. By this type of 
modification the mechanical properties of the material are retained but, most importantly, 
the interfacial properties are changed to mimic those of the inert outer biomembrane 
surfaces. This approach provides the maximum stability for the phosphoryl choline 
headgroup as it is chemically bonded to the surface.26’39
Compounds for surface attachment have to possess the phosphoryl choline moiety, 
for biocompatibility, and a reactive functional group for surface attachment. A series of 
these types of compounds have been synthesised, Fig. 1.9.26’40
C.
Fig. 1.9 Phosphoryl choline containing molecules for surface attachment
A. Phosphoryl choline ethylene glycol
B. Phosphoryl choline ethanolamine
C. Phosphoryl choline dimethylsilyl chloride
Of the compounds designed for surface attachment, C was designed to react with 
surface hydroxyl groups while A + B were designed to react with surface acid or acid 
chloride groups, as illustrated in Fig.1.10.26
C1 + A or B
! where X denotes O in the reaction with A and NH in the reaction with B
Fig.1.10 Reactions of phosphoryl choline derivatives with surface hydroxyl and acid 
chloride groups.
Polymers whose surfaces are amenable to modification by the hydroxyl-reactive 
derivatives of phosphoryl choline include glass, polyvinyl alcohol, polyhydroxyethyl 
methacrylate and cellulose. Amine containing phosphoryl choline derivatives are designed 
to react with surface acid or acid chloride groups. Carboxylic acids are available on the 
surface of partially hydrolysed esters and some specially modified polymer surfaces.26 The 
coated surfaces produced by these covalent attachment methods have been characterised 
using infra-red spectroscopy.27 Positive Electron Spectroscopy for Chemical Analysis 
(ESCA) results have been obtained to demonstrate specific chemical modifications to the 
molecular surfaces of polymeric substrates.39
1.5 Synthetic Phosphoryl Choline Containing Polymers
Interest in the synthesis of phosphoryl choline containing polymers was created by 
the recognition that phospholipids were known to be the building blocks of biological 
membranes11’18. The first investigations on the synthesis of monomers and hence polymers
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was carried out by Japanese workers in the early 1970's. Their work evolved around the 
production of vinyl polymers containing phospholipid analogues. One of the initial reports 
by Kimura et al described the synthesis and polymerisation of 2-(p- 
methacryloyloxybenzoyl)ethyl 2'-(phthalimido)ethyl hydrogen phosphate (12) which was a 
valuable precursor for the synthesis of monomers containing phospholipid analogous 
structures.41 Polymerisation of this type of monomer was carried out in solution using 
a , a'-azo bis-iso-butyronitrile (AIBN) (13) as an initiator.42 Further progression lead to the 
synthesis of the 2-(methacryloyloxy)ethyl 2-aminoethyl hydrogen phosphate, (14).43>44
In order to mimic the phosphoryl choline headgroup it was necessary to have a tri­
methyl ammonium cation present. Nakabayashi and co-workers carried out this step by 
synthesising the phosphoryl choline containing vinyl monomer, 2-(methacryloyloxy)ethyl 
phosphorylcholine (MPC) (15).45 Polymerisation of this monomer in solution with AIBN 
as an initiator made it possible to create polymers containing the phosphoryl choline 
headgroup. Co-polymers of 2-(methacryloyloxy)ethyl phosphorylcholine (MPC) should 
possess some degree of biocompatibility as they contain the phosphoryl choline headgroup, 
which is important for haemo/biocompatibility. Since then a large amount of research has 
gone into the development and synthesis of 2-(methacryloyloxy)ethyl phosphorylcholine 
(MPC) co-polymers. Co-polymers of 2-(methacryloyloxy)ethyl phosphorylcholine (MPC) 
and methyl methacrylate (MMA) (poly(MPC-co-MMA)), butyl methacrylate (BMA) 
(poly(MPC-co-BMA)) and styrene have also been synthesised and their haemocompatible 
properties evaluated.46- 47> 48 Nakabayashi et al investigated the haemocompatibility of 
these co-polymers and suggested the possibility of them being able to interact 
organisationally with naturally occurring phospholipids such as DPPC.48
The evaluation of the thrombogenicity of these types of MPC co-polymers was 
carried out by the coating of the co-polymer onto the surface of acrylic beads by a solvent 
evaporation method. These coated beads were then placed in contact with platelet rich 
blood plasma (PRP) and then the activation and adhesion of platelets to the coated surface 
was studied.46 The results showed that a large number of platelets adhered and aggregated 
onto the polymer controls containing no MPC, whereas the number of adherent platelets 
decreased and the deformation and aggregation was suppressed with increasing MPC 
composition. The adsorption of fibrinogen and subsequent formation of fibrin was
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completely suppressed at levels of approximately 0.3 mole fraction of MPC. It was 
therefore MPC moieties in the polymer that play an essential role in the reduction of the 
thrombogenicity of the polymer.46 This type of test forms the basis of the evaluation for the 
haemocompatibility of these types of phosphoryl choline containing polymers.
A further development was the synthesis of a co-polymer based on the 2- 
(methacryloyloxy)ethyl phosphorylcholine (MPC) (15) and lauryl methacrylate (Ml) (16). 
The linear polymer (17) contains many of the features of a natural phospholipid, i.e. a 
phosphoryl choline headgroup and straight chain alkyl groups, and is very effective for 
solution coating purposes. These poly(MPC-co-Ml) polymers have many points of 
interaction with the hydrophobic surface, are achiral and by variation of the ratio of the two 
monomers, MPC and Ml, different hydrophilic/hydrophobic properties may be achieved. It 
has been shown that by solution coating methods, polymers prepared from 2- 
(methacryloyloxy)ethyl phosphoryl choline (MPC) and lauryl methacrylate (Ml) have 
proved to be highly effective surface coatings for conferring biocompatibility.49’50’ 51
Glycerophosphoryl choline (18) polymerised with at least one di- or poly­
functional acid or reactive derivative has led to the formation of phosphoryl choline 
containing polyesters (19).52 In comparison to a control polyester these types of polyester 
are reported to greatly reduce the adsorption of fibrinogen on contact with blood, 
consistent with the properties of a haemocompatible material.52 Glycerophosphoryl choline 
has also been polymerised with diisocyanate monomers to form phosphoryl choline 
containing polyurethanes (20), the haemocompatibility properties of which have been 
reported.53 Various thermoplastics and elastomers have been formed using lipids 
(phosphatidylcholine) as the sole plasticiser or in a combination with conventional 
plasticisers.54
Another approach to produce phosphoryl choline containing surfaces involves the 
use of graft polymerisation techniques, where polymerisation is initiated from the surface 
of a substrate. Graft polymerisation methods involve the formation of free radicals on the 
substrate surface, which subsequently initiate polymerisation.9»42 MPC (15), as a monomer, 
has been successfully grafted onto polymer surfaces containing hydroxyl groups using 
eerie ammonium nitrate initiated polymerisation, Fig.1.10.9’55
27
poly(MPC) chains grafted to surface
OH OH OH OH OH O O O O O
Ce4+
substrate substrate
---------------------------------------  MPC ---------------------------------------
Fig.1.10 Graft polymerisation of MPC to a substrate containing surface hydroxyl groups.
Polymers treated by this graft polymerisation method using MPC have shown a 
marked reduction in their thrombogenicity, relative to uncoated controls.9-55
Phospholipid type polymers have also been suggested as polymeric phosphoryl 
choline vesicles for use as drug carriers.56 This work was based upon phosphoryl choline 
containing methacrylate polymers (21), similar to the phosphatidylcholine analogues 
developed by the Japanese groups. These phosphoryl choline containing methacrylate 
monomers were polymerised by dispersal in water and by either free radical initiation or 
direct irradiation with ultra-violet light. As there are similarities between naturally 
occurring phospholipids and these monomers there may be a degree of self assembly in 
solution causing the formation of vesicle type structures. The resulting polymer surface 
could have a liposome like macrostructure.56
Another route to the use and development of phospholipid containing polymers 
involved the synthesis of synthetic polypeptides containing phospholipids in their side 
chains. The rational behind the development was that biological membranes are composed 
of lipids and proteins which themselves are composed of polypeptide chains.57
1.5.1 Stability of Polymeric Phosphoryl Choline Containing Coatings
The effectiveness of polymeric phosphoryl choline containing coatings to produce 
haemocompatible surfaces has been a source of considerable interest as there are a large 
number of potential uses within the medical device industry. Polymerised DAPC (11) was 
the first polymeric coating to be evaluated for its haemocompatible properties and this
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technology formed the basis for the formation of Biocompatibles Ltd. The use of 
polymerised DAPC showed that it was possible to confer haemocompatibility to surfaces 
by coating phosphoryl choline containing polymers but it lacked stability once coated onto 
substrate surfaces, thereby rendering them inappropriate for most applications. To 
overcome this stability problem Biocompatibles Ltd. produced a second generation of 
phosphoryl choline containing polymers, poly(MPC-co-Ml) (17). These produced similar 
haemocompatibility results as polymerised DAPC but little was known about the stability 
of these polymers once coated. The stability aspect is of major importance to these coatings 
as they should remain on the substrate rather than be removed. If the polymers were 
leached from the surface then these polymers would have to undergo rigorous clinical trials 
to see what effect they have upon the subject in a similar way to drug trials. All this would 
lead to a much increased time span between development and commercialisation.
It was essential to demonstrate the stability of these poly(MPC-co-Ml) polymers on 
various substrate surfaces. The objective of this project was to radio-label the poly(MPC- 
co-Ml) polymers with tritium and then use these radiolabelled polymers as a way of testing 
their stability on surfaces. Furthermore the availability of radio-labelled polymers would 
allow accurate quantification of the polymer on coated surfaces and help in the 
development of optimal coating conditions.
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2.1 Introduction
Isotopically labelled compounds find widespread use in both biochemical and 
chemical research. The characteristic features involve the synthesis of an appropriately 
labelled compound followed by its application in a reaction or a biological system. 
Appropriate analytical methods are a pre-requisite to the successful interpretation of the 
results. Isotopes of carbon, hydrogen, oxygen and nitrogen find most use whilst those of 
phosphorous, sulphur and the halogens have been used for more specialised applications.1
Isotopes may be classified simply by either their stable or radioactive properties. 
Stable isotopes such as 2H, 13C, 170 , 180  and 15N can be incorporated into compounds at 
levels close to 100% isotopic enrichment. Their detection can be achieved by a range of 
spectroscopic techniques including nuclear magnetic resonance (NMR) spectroscopy, 
mass spectrometry (MS) and infra-red (IR) spectroscopy as well as chromatographic 
techniques such as high performance liquid chromatography (HPLC). Radioisotopes such 
as 14C, 3H, 32P, 35S and 125I, by their very nature, allow detection at tracer levels by 
liquid scintillation counting techniques.2 Therefore the levels of incorporation of 
radioisotopes may be much lower than with stable isotopes.
There are many relative advantages and disadvantages to stable versus 
radioisotopes, the most obvious of which is that stable isotopes do not produce the 
environmental problems associated with radioactivity. The great advantage associated 
with radioisotopes is the ease of detection and the very low levels of radioactivity 
required as a result of the sensitivity of the radio tracer methods of detection.3 The choice 
of isotope depends on a number of factors - the application envisaged, the choice of 
molecule to be labelled and the required site for the isotopic label.
Due to the wide occurrence of both carbon and hydrogen in chemical and 
biological molecules isotopes of these two elements are in much demand. The 
radioisotopes of carbon and hydrogen used in tracer experiments are carbon-14 (14C) and 
tritium (3H).4 In the synthesis of carbon labelled compounds the isotope is usually 
incorporated at an early stage in the synthetic route, making labelling procedures- time
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consuming. In the case of carbon-14 labelled compounds the maximum achievable 
specific activity, that is the incorporation of one carbon-14 atom per molecule, is low (62 
mCi/mmole) and the half life of 14C is long (5780 years) producing storage and waste 
disposal problems.5 Hydrogen has two established isotopes, deuterium (2H) which is 
stable and tritium (3H) which is radioactive (Equation 2.1). Claims have been made for 
the existence of other isotopes but these have not been substantiated.3
iH 2He + -ÎP" Equation 2.1
Tritium, due to its physical properties (Table 2.1), has a number of distinct 
advantages over carbon-14 for use in labelling studies.3
Radiation p - 100%
Half life (T1/2) 12.35 yrs.
Max. p-energy (Epmax) 18.6 KeV
Mean p-energy 5.7 KeV
Max specific activity (per site) 29.1 Ci/mmole
Production 6Li (n,a) 3H
Table 2.1 Physical properties of tritium.
The maximum specific activity obtainable with tritium as compared to carbon-14 
makes it an ideal choice when high specific activities are required as in binding studies or 
where small tracer quantities are used, for example pharmacological studies.6 The use of 
tritium in conjunction with liquid scintillation counting allows low levels of radioactivity 
to be detected with a high degree of confidence.2’3 The main advantage over carbon-14 is 
the relative ease with which tritium can be incorporated into even the most complex of 
molecules, see Section 2.2. Tritium has a nuclear spin of 1/2 which allows analysis by 
nuclear magnetic resonance (NMR) spectroscopy to be possible,7» 8> 9’ 10 unlike carbon-14.
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With tritium-NMR spectroscopy, proton decoupling techniques produce simple spectra 
that show only tritium-tritium coupling. The tritium nucleus has a high magnetogyric 
ratio, which taken in conjunction with the very powerful magnets now available, means 
that only small quantities of radioactivity (1 mCi per site) are required to give well 
defined spectra.11’ 12 Secondly, the chemical shifts for 3H, relative to tetramethylsilane 
(TMS), are the same as those of 1H. This is of considerable importance as the vast body 
of data available on iff chemical shifts can be directly applied to tritium-NMR 
spectroscopy, thus greatly simplifying the interpretation of the spectra.10 Tritium-NMR 
spectroscopy, unlike for example proton-NMR spectroscopy, is not generally used to 
establish the structure of an unknown compound but to establish the position and 
distribution of tritium atoms within a tritiated compound of known structure. The 
intensities of the tritium signals give directly the relative amounts of isotope in each 
position.8’9 These properties outlined above show why tritium is a very useful and widely 
used isotope for tracer studies in the life sciences.
2.1.1 The Requirement for a Radiolabelled Phosphoryl Choline Containing Polymer
Substrates coated with phosphoryl choline containing polymers such as the co­
polymers of MPC (Pm) (1) and lauryl methacrylate (Ml) (2) have shown significant 
improvements in their haemocompatibility by comparison to the uncoated 
substrates.13»14’ 15
o
o
(1)
Poly(MPC-co-Ml) polymers adsorb onto the surfaces of hydrophobic substrates 
e.g. polyethylene, by hydrophobic interactions between the long acyl chains of the 
polymer and the substrate surface. It was not known how well these polymers adsorbed 
onto various substrates and to what, if any, degree these poly(MPC-co-Ml) polymers 
leach off during incubation with various solutions. It was essential to know how stable 
these poly(MPC-co-Ml) coated surfaces were because instability would compromise their 
use as haemocompatible coatings for medical devices. By preparing radiolabelled 
versions of the poly(MPC-co-Ml) polymers and coating them onto surfaces it should be 
possible to determine the stability of these polymers on substrate surfaces. The amount of 
poly(MPC-co-Ml) that is coated (adsorbed) onto the substrate surface is very small, 
therefore to accurately measure the amount that is removed a very sensitive technique 
was required. Radiolabelling is ideal for such a purpose.
In order to produce a radiolabelled version of poly(MPC-co-Ml) either the 
monomer/s or the intact polymer could be labelled. A major problem associated with the 
labelling of the methacrylate monomers and subsequent polymerisation is that the 
polymerisation, which proceeds via a radical mechanism, can be initiated by radioactive 
decay.16 Furthermore, the preparation and manipulation of radiolabelled monomers is not 
easy on a small scale. A radiolabelled version of poly(MPC-co-Ml) had previously been 
synthesised using carbon-14 in an attempt to produce a radioactive co-polymer for use in 
similar stability studies.17 However the success of this synthetic technique was somewhat 
limited. Firstly, as the synthesis started from 14CH3I there were a number of steps 
involved before the monomer [14C]-MPC was isolated. This is undesirable as inevitably 
at each step some of the radioactivity is lost and the overall radiochemical yield lowered. 
A second problem was that of homopolymérisation of the [14C]-MPC monomer, forming 
radioactive, low molecular weight, materials. Along with these two problems was the
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high cost of the 14C isotope itself. Therefore, a more desirable route would involve the 
labelling of the intact poly(MPC-co-Ml) polymer in a single step with tritium. By the 
development of a general tritium labelling procedure for these types of polymers this 
could then be applied to a variety of polymers containing a range of MPC to Ml ratios so 
that the stability of the polymer, in relation to its chemical composition, could be 
assessed.
2.2 Tritium and Deuterium Labelling Procedures
There are a large number of methods available for the incorporation of 2H or 3H 
into organic molecules. These can be carried out under either homogeneous or 
heterogeneous catalytic conditions and can produce generally or specifically labelled 
compounds. The choice of distribution of label, specific or general, is a matter of choice 
and dependent on the type of molecule to be labelled and the end use of the required 
product. The main areas of interest in the labelling of organic molecules are covered in 
Sections 2.2.1 - 2.2.5.
2.2.1 Hydrogenation of Suitable Precursors
This is one of the simplest, most reliable and effective ways of inserting isotopic 
hydrogen into an organic compound. Essentially the technology for the hydrogenation of 
unsaturated aliphatic alkene and alkyne containing organic molecules can be directly 
applied to the use of tritium.18 The technique involves agitating the unsaturated substrate, 
dissolved in a suitable solvent, with a metal catalyst under a tritium atmosphere.
Catalysis can be carried out either under heterogeneous or homogeneous 
conditions using a wide range of unsupported and supported, transition metal catalysts 
(Pt, Pd, Ru, Pt etc).19 Supports for the catalysts can vary from carbon to barium sulphate 
to aluminium oxide. Heterogeneous catalysts have the advantage of being very efficient 
and easy to separate from the product(s) by simple filtration. Unfortunately they often 
lead to non-specific patterns of labelling due to double bond migration during reduction.20
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Homogeneous catalysts, although producing more specific labelling patterns, usually 
require chromatographic techniques to separate the catalyst from the product/s. The 
reduction of alkynes can be effected to form the corresponding alkanes or, by selection of 
the appropriate reaction conditions, can be selectively reduced to yield the corresponding 
alkene i.e. Lindlar's catalyst (Pd/Pb0/BaS04).21>22
2.2.2 Catalytic Dehalogenation and Tritium Insertion
This method involves the catalytic replacement of a halogen atom by a tritium
atom.
R -X  + T, T -X  + R -T  
T -X  + OH' -» THO + X
There are a number of problems associated with this method. Firstly from the 
mechanism shown above only 50% of the tritium used can be incorporated. Secondly the 
tritium halide produced is likely to be a potent poison for the catalyst, therefore 
neutralisation by a weak base, usually triethylamine, is required. After neutralisation, 
HTO can build up in the reaction mixture and by catalytic exchange with the catalyst 
non-specific co-labels can be produced.23 However, if the catalytic halogen replacement 
takes place relatively quickly a high degree of specific labelling can be achieved.24
2.2.3 Méthylation using Tritiated Methyl Iodide
Tritiated compounds can be produced by méthylation with tritiated methyl iodide, 
which can be either in the mono-, di- or tri- tritiated form (CH2TI, CHT2I and CT3I). The 
resulting label is therefore solely located in the methyl group.25» 26» 27» The resulting 
specific activity of the [3H]-compound is dependent on the specific activity of the [3H]- 
methyl iodide. This type of highly regiospecific labelling has found widespread use 
especially for preparing labelled pharmaceuticals with very high specific activities of up 
to 87 Ci/mmole.27
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2.2.4 Hydrogen Isotope Exchange
The preparation of tritium labelled compounds by hydrogen isotope exchange 
reactions involves the catalytic exchange of a hydrogen atom, from the molecule of 
interest, for a tritium atom, from the tritium source. The result is often a generally 
labelled molecule with the tritium atoms being distributed in several positions. The 
source of tritium for hydrogen isotope exchange reactions can either be from tritium gas 
or from a suitable tritiated solvent, usually tritiated water.28
One of the earlier types of exchange labelling procedure with tritium was that of 
radiation induced exchange, first demonstrated by Wilzbach in 1957.29 This method 
generally gives slow rates of exchange and there are often problems involved with 
purification of the resulting products. The subsequent low specific activities of the pure 
pH]-compounds have made this a method of limited use.
A widely used method is that of heterogeneous catalytic isotope exchange. This 
method takes advantage of the ability of hydrogen atoms occupying certain positions in a 
molecule to exchange with tritium gas in the presence of a metal hydrogen transfer 
catalyst i.e. platinum or palladium, supported or unsupported.30 This technique has found 
application with a wide range of organic molecules, especially those containing benzylic 
functionalities, such as steroids and drugs,3’ 30 with many reviews written on the 
efficiency of the technique and its application in tritium chemistry.3’ 28>30
More recently the radiation induced exchange method has been modified using 
microwave induced tritium plasmas.31 This method has demonstrated much greater 
efficiency than the Wilzbach one, and has generated a considerable amount of interest as 
it may well lead the way to the next generation of tritium labelled compounds.
Hydrogen-tritium isotope exchange reactions using tritiated solvents as an isotope 
source can be catalysed by heterogeneous or homogeneous catalysts. This method, which 
gives generally labelled compounds, involves the heating of the substrate, catalyst and 
tritiated solvent (tritiated water or organic solvents) at temperatures of up to 150°C for
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between 2 and 48 hours in a sealed system. The applicability of this method is often 
dictated by the stability of the substrate at the elevated temperatures generally required.
A wide range of heterogeneous metal catalysts, including platinum, palladium and 
rhodium etc., have been employed in the supported and unsupported form.3 The 
application and adaptation of heterogeneous metal catalysed hydrogen isotope exchange 
to a wide range of compounds has been thoroughly reviewed.28’32
More specific labelling has been achieved using homogeneous catalysis by the 
fact that some carbon-hydrogen bonds exhibit a slightly acidic nature.33 In the presence of 
a suitable base ionisation of these specific bonds can occur producing an intermediate 
carbanion, which can then remove a triton from a suitable tritiated solvent to yield a 
specifically labelled product. For compounds that exhibit relatively high acidity such as p 
-diketones, labelling studies can be carried out under mild conditions whereas with less 
acidic species, e.g. ketones, stronger bases are required to produce the carbanion 
intermediates needed for exchange to take place.34
Acid catalysed isotope exchange occurs because the treatment of many organic 
compounds with strong acids results in protonation, therefore on subsequent 
deprotonation assuming that the hydrogen isotope lost is not the same as that introduced, 
then this can produce a means of exchange. A variety of acids from mineral acids to 
polymer supported acids have been used to label a wide range of essentially electron rich 
aromatic and heterocyclic compounds.3’32
2.2.5 Miscellaneous Techniques
There are a number of methods that do not come under the above headings. These 
include the reduction of compounds with tritiated metal hydrides and the 
metallation/reduction of aryl compounds.
Analogous to the reduction of unsaturated groups (other than carbon-carbon 
bonds) in general organic preparations,35 tritiated reducing agents such as metal tritides 
e.g. LiT, or mixed metal tritides e.g. LiAlT4, can be used to reduce a range of functional
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groups such as carboxylic acids, esters, ketones, aldehydes and nitriles. On reduction the 
tritium label is introduced to a specific site. Lithium tritide can be prepared 'in situ' and 
from this a range of tritiated reagents can be prepared giving tritium labelled compounds 
at near maximum specific activity.36
Aryl compounds containing ether and amine moieties may be metallated in the 
ortho-position by treatment with n-butylithium or n-butylpotassium to give the ortho 
metallated aryl compound. The second step utilises the facile reduction of the carbon- 
metal bond by hydrogen or a hydrogen isotope to form the carbon-hydrogen isotope bond 
and the corresponding metal hydride.37
2.2.6 Application of Labelling Methods to Poly(MPC-co-Ml) Polymers.
The methods described above for the introduction of tritium labels are primarily 
concerned with organic molecules. Only a small amount of tritium labelling work has 
been carried out on polymeric and macromolecular substrates. This presented a problem 
as the poly(MPC co Ml) polymers (3) were known to have relatively high molecular 
weights and because of the lack of any suitable chemical functionality do not contain any 
obvious way of inserting a tritium label. Therefore the only way to label such polymeric 
substrates would involve a hydrogen isotope exchange method incorporating relatively 
harsh experimental conditions, to allow insertion of the isotope. However this method 
does not seem very applicable for the polymer substrate as the reaction conditions 
required to introduce the label would be likely to have an adverse effect on the polymer.
(3)
NB. Poly(MPCr co-Mly) is also notated as Pm,Ml/, where Pm denotes the MPC monomer 
(1) and Ml denotes the lauryl methacrylate monomer (2).
It was decided that some modification of the poly(MPCr co-Ml/) (Pm,Ml/) 
structure was required to enable a more suitable labelling procedure to take place. A 
method that would allow the introduction of a tritium label would involve the 
incorporation of an unsaturated function into the polymer and then to catalytic reduce it 
with tritium gas (Section 2.2.1). This unsaturated function could either be introduced as 
an alkene or alkyne, and on complete reduction would give the labelled Pm,Mly polymer. 
An alkyne was chosen as it was not likely to interfere with the polymerisation process. It 
was found that the alcohol, dodec-7-yn-l-ol, was readily available and that by 
condensation with methacryloyl chloride the monomer dodec-7-yn-l-yl methacrylate 
(Mly) (4) could be readily prepared.38
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Combination of the three monomers, Pm (1), Ml (2) and Mly (4), in various ratios 
produced the unsaturated co-polymers of the type Pm,MlyMly& (5).
On complete reduction the PmMlMly polymers would have the same structure as 
the Pm,Ml/ polymers
Pm,- + Mly + M ly k l ->  Pm,Ml/Mly& 2 ->  [3H]-Pm,Mly+^
Step 1 = polymerisation
Step 2 = Catalytic reduction using tritium gas. (ie. Mly Ml)
In order for the labelling method for the Pm,Ml/Mly& polymers to be successful 
the following requirements for reduction had to be fulfilled:
a. Complete reduction was essential to convert the Mly portion to a Ml residue. The 
polymers under stability investigation were of the type PmMl2 so any residual 
unsaturation, post reduction, was undesirable.
O O O
/ \
(5)
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b. It was not necessary to maximise the specific activity of these polymers so that four 
tritium atoms per reduced triple bond were not needed. A mixture of tritium and 
hydrogen atoms were required so that during testing and under storage these polymers 
would be less likely to undergo decomposition as a result of self radiolysis and 
produce by-products that could complicate leaching results.
c. It was imperative that the structures of these polymers, were the same after reduction 
as they were before (with the exception of the saturation of the triple bonds).
d. It was essential to produce a method that was reliable and reproducible for 
incorporating the tritium label, as a number of different Pm/Ml/Mly* polymers would 
need to be labelled.
2.3 Catalytic Reduction of Alkyne Containing Compounds
The catalytic reduction of the alkyne function in PmzMlyMly^ leads to the 
introduction of the tritium label into the polymers of interest, PmzMly. However there are 
a very large number of catalysts and reaction conditions that have been successfully used 
to reduce triple bonds with tritium3» 18 and it was essential that these were taken into 
account in the development of a labelling technique. Catalytic reductions can be carried 
out under heterogeneous or homogeneous conditions. These two areas are discussed in 
more detail below.
2.3.1 Heterogeneous Catalysis
Heterogeneous catalysis is the situation whereby the reactants, substrate and the 
catalyst, are in different phases, i.e. a biphasic system. The main advantage with the use 
of heterogeneous catalysis, compared with homogeneous catalysis, is that the product/s 
can be easily separated, post reduction, from the catalyst by a simple filtration technique. 
As there is a phase difference between the two reactants, the catalytic reactions therefore 
occur at the phase interface. Various factors can influence the reaction, which can include
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the type of metal, the nature of the support, the solvent, the temperature and the isotopic 
gas pressure.18
A large amount of research has been carried out on the comparison of various 
metal catalysts in the study of the hydrogenation of alkynes (especially lower alkynes).39 
It emerges that Pd is by far the most selective metal for the conversion of alkynes to 
alkenes, a conclusion confirmed in many synthetic applications. Bond and Wells 
established the following order for the selective reduction of pent-2-yne to pent-2-ene:40
Therefore palladium is used mainly as a selective catalyst for the reduction of 
alkynes to alkenes. Modifications of palladium catalysts such as poisoned palladium 
catalysts (Lindlars catalyst, Pd-CaC03-PbO) have been used extensively in selective 
reductions.21 Conversion of the alkyne to the alkane is enhanced by using metals deemed 
to have greater catalytic activity (platinum > palladium), high hydrogen isotope 
availability and increased agitation of the reaction mixture.19 Formation of alkanes from 
alkynes may or may not involve an intermediate alkene detached from the catalyst 
surface. If the alkene intermediate is by-passed the reaction route is described as follows
whereas a route via an intermediate alkene is described in the following manner
Pd »  Pt ~ Rh >Ir
alkane
RCECR
alkene
RC=CR > alkene > alkane
The first reaction gives a constant ratio of alkane to alkene as the reaction 
progresses, with alkane being present even in the earliest stages of the reaction. The 
second reaction produces increasing ratios of alkane to alkene, as the alkene produced
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competes for the catalytic sites with the alkyne. The two pathways are thus 
distinguishable experimentally. The second route demands that the alkyne is much more 
strongly adsorbed than the corresponding alkene and that the rate of displacement of the 
alkene by the alkyne is high relative to the rate of alkene hydrogenation.19 Studies on the 
reduction of simple alkynes show that metals such as palladium and more so platinum 
hydrogenate via a combination of the two mechanisms.19’40
Apart from the reduction of the alkyne functionality, a diverse number of other 
undesirable reactions can occur during the reduction of alkynes and alkenes. These 
include exchange, double bond migration and hydrogen isotope dilution by protium 
sources. Non-specific exchange on alkyl chains can occur especially at adjacent sites to 
the unsaturated functionalities. The amount of exchange labelling is dependent on the 
reaction conditions used 41 During the reduction of alkynes and the production of alkene 
intermediates, the two carbons bound to the metal catalyst can be outside those that 
originally contained the unsaturation. This can lead to reduction products containing the 
hydrogen isotope along the alkyl chain.20 Platinum catalysts are reported to yield little 
double bond migration in the hydrogenation of alkynes and alkenes.19 The dilution of the 
hydrogen isotope is caused by hydrogen sources in the system. This can occur through 
species adsorbed on the catalyst, substrate or the solvent e.g. water contamination.20’42
On the whole heterogeneous catalysis gives uncertain isotope distribution. 
However, as it is a very efficient process high levels of isotope incorporation can be 
achieved.
2.3.2 Applications of Heterogeneous Catalysed Reductions in the Labelling of 
Alkynes
The main use of alkynes as precursors for labelled compounds is to produce 
selectively reduced, labelled alkene compounds.18’ 20 Brenstrum et alA3 employed both 
selective and complete reduction of [6,6,6-2H]-3 -hexyn-1 -ol, in the study of hexenols, the 
flavour components of fruit and vegetables (Scheme 1). Hydrogen was used as the
reduction gas, Lindlar's catalyst was used for the selective reduction and palladium on 
carbon as the catalyst for the complete reduction.
D3C
Lindlar's cat.
D3C
OH
Scheme 1
Complete reduction of the alkyne to the corresponding alkane is less common. 
One application of complete alkyne reduction is to produce labelled compounds at very 
high specific activities. An example of this was reported by Houseman et al44 in the tracer 
studies of the tobacco smoke particulate phase marker, dotriacontane (Scheme 2). The 
methodology involved the complete reduction of dotriaconta-15,17-diyne using tritium 
gas and platinum as a catalyst.
2.3.3 Applications of Heterogeneous Catalysed Reductions in the Labelling of 
Phosphoryl Choline Containing Compounds.
A large amount of work has been carried out by Myasoedov and Shevchenko on 
the labelling of lipids, biologically occurring molecules (steroids etc.) and fatty acids 
using gaseous tritium and heterogeneous catalysis.45» 46 They reported the labelling of a 
number of naturally occurring phospholipids including DPPC (Section 1.1.1) using 5%
CH3(CH2)13 — C = C -C = C  (CH2)13CH3
CH3(CH2)13— (C3H2)4—  (CH2)13CH3
Scheme 2
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palladium on barium sulphate, to a specific activity of 6.11 Ci/mmole (14.8 TBq/mole). 
Localisation of the label was reported to have been >90% in the fatty acid residue.45 
However most of these experiments worked on the principle of isotopic exchange rather 
than the discrete reduction of an unsaturated function.
Kinder et alA1 described the alkene reduction of a phospholipid with reported anti 
tumour activity (Scheme 3).
Platelet activating factors (PAF's) and analogues have been labelled with tritium 
for use in metabolic studies in order to determine the mechanism of action.48» 49 These 
PAF's are structurally similar to phosphoryl choline, containing both long alkyl chains 
and a phosphoryl choline headgroup. Wyrick et al49 labelled a natural PAF, (l-0-[9.10- 
3H]-hexadecyl-2-acetyl-sn-glycero-3-phosphoryl choline, using tritium over a Pd catalyst 
(Scheme 4).
Pd/BaSO,
OH
Scheme 3
O —O— (CH2)8CHCH(CH2)5CH3
r O — (CH2)8CHCH(CH2)5CH3
II
c h 3c o -
NÏCH3)3 N(CH3)3I
—0 —P—o
L - O - P - O
II
II o
o
Scheme 4
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2.3.4 Homogeneous Catalysis
In homogeneous catalysis the catalyst and substrate are in the same phase, usually 
in solution. The main difference between homogeneous and heterogeneous catalysis is the 
more involved separation procedures needed with the former. The majority of catalyst- 
substrate separation techniques involve the use of chromatographic methods. For radio­
labelled products that are produced in very small quantities the preferred method is by 
column chromagraphy using alumina or silica or by preparative thin layer 
chromatography (TLC), using suitable mobile phases. Other possible techniques include 
distillation for volatile products, precipitation or filtration through highly polar materials, 
for example alumina (non-polar products).50’51
Commonly used homogeneous catalysts include rhodium and ruthenium 
complexes that, in the presence of hydrogen gas, can undergo oxidative addition of 
hydrogen to form di-hydride complexes, which can then form ^-bonded intermediates 
with the unsaturated substrate. The main catalytic step in this reduction mechanism 
involves hydrogen transfer to the unsaturated function forming an cj-alkyl complex, 
which due to its inherent instability, is eliminated to give the reduced, saturated 
compound.52
Wilkinson's catalyst (RhCl(PPh3)3) is an active catalyst for the reduction of 
alkynes and alkenes in organic solvents at ambient temperatures and pressures.52 
Wilkinson's catalyst, its ability to form dihydride species and subsequent ability to reduce 
unsaturated functions has been widely reported,52»53» 54 along with in-depth mechanistic 
studies.55’56
The rates of reduction (hydrogenation) using Wilkinson's catalyst have been 
shown to be dependent upon the solvent used.56 In general, from the mechanism,52 the 
solvent must be able to weakly coordinate with the metal complex to form the various 
intermediate complexes, for hydrogenation to proceed. Along with this the solvent must 
provide adequate solvation of the components of the reaction mixture and be able to 
dissolve hydrogen.57’ 58 A sucessful and widely used system is based on mixtures of
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benzene and ethanol. The rate of reduction has been shown to be doubled by the use of a 
3:1 mixture (v/v) of benzene: ethanol over pure benzene.57
It is imperative that the solvent system must be thoroughly deoxygenated before 
dissolution of the catalyst as it has the ability to complex oxygen,59 and subsequently lose 
its catalytic activity.
2.3.5 Hydrogen Isotope Labelling Studies using Wilkinson’s Catalyst
This section describes some of the uses of homogeneous Wilkinson's catalyst in 
the study of labelled molecules. Wilkinson's catalyst was first used to label steroids with 
deuterium in 1966.60 Deuterium labelling has since been used to probe the mechanism of 
reduction as well as the production of compounds for further applications. The majority 
of labelled compounds utilising Wilkinson's catalyst have involved the reduction of 
alkenic systems.
Birch et a /50 found that specific deuteriations with little or no scrambling were 
typical and later the sucessful deuteriation of long chain fatty acids in benzene/ethanol 
systems was reported (Scheme 5).59
RhCl(PPh3)3
Scheme 5
Adolf61 investigated the labelling of a twelve carbon fatty acid. The method 
involved the reduction of an unsaturated acetal-ester with deuterium and Wilkinson's 
catalyst in benzene. The subsequent deuteriated compound, from mass spectroscopy 
(MS), showed >97% d2 incorporation per reduced double bond with the other species 
being dj and d3. This indicated the good selectivity and illustrated the small amount of 
isotope scrambling observed in catalytic reductions using Wilkinson's catalyst.
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Rakoff ef a /62 reported on the preparation of deuterium labelled long chain fatty 
acids, esters and triglycerides from alkenic precursors using Wilkinson's catalyst. In their 
report,63 involving the complete reduction of alk-2-ynols and alk-3-ynols and their 
tetrapyranyl ethers using Wilkinson's catalyst and deuterium gas in benzene, the mass 
spectroscopy data showed that for unprotected hex-2-ynol and pent-2 -ynol significant 
scrambling was observed, the amount of d4 species being 70-80%. However in the 
unprotected alk-3-ynols the selectivity was much better as the predominant species was 
d4 (>95%). Unfortunately no satisfactory explanation was given for this observation.
Examples of the use of Wilkinson's catalyst in conjunction with tritium gas are 
rare. Wyrick et alM used this technique to produce a high specific activity version of 
bumetamide, for use in studies of ion-transport through biological membranes (Scheme 
6). Initially Wyrick et al64 used deuterium as a model for the tritium reduction and by 
comparison of Wilkinson's catalyst with heterogeneous palladium on carbon catalysis 
demonstrated a huge reduction in isotopic scrambling. (Wilkinson's: 80% d2, other 
species d3 and d4 cf. Pd: 25% d2, other species being d3, d4, d5)
Myasaedov and Shevchenko reported the use of Wilkinson's catalyst to tritiate 
alkene containing prostaglandins. These results showed the yield of labelled 
prostaglandins increased from 30% (Pd heterogeneous) to 70% (Wilkinson's catalyst).65
Tritium labelling using Wilkinson's catalyst has also been applied in the 
preparation of pheromones,66 adrenegic antagonists,67 and other naturally occurring 
products.68’ 69>70
RhCl(PPh3)3
Scheme 6
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2.3.6 Isotopic Labelling of Polymers
The isotopic labelling of polymers is an area where only a small number of cases 
have been reported. The majority of the labelled polymers produced have been 
synthesised via the labelling of the monomers and subsequent polymerisation.
Two general techniques have been used for isotopic incorporation, these are; 
direct chemical synthesis and isotopic exchange reactions. The former has the distinct 
advantage that the label is incorporated into a specific site in the polymer. Unfortunately 
this can be a difficult and time consuming process. An example is the 14C labelling of 
styrene in the a-position, starting from 14C 02 (Scheme 7).71
H X — MgCl
+ CO-
h 2c — c o 2h  h 2c — c h 2o h  h ç = * c h 2
LiAlH4 KOH + S
Scheme 7
Deuterium has been used to label polyethylene glycols starting with perdeuterated 
ethylene glycol and subsequent condensation of the monomers using iodine as a catalyst. 
Polymers with carbon chains of up to 20 were reported.72
Isotopic exchange involves the catalytic exchange of one isotope for another 
(Section 2.2.4). The exchange can either be in the labile or stable sites of the substrate. 
Exchange labelling into labile sites, such as bonds to oxygen or nitrogen atoms, are of 
limited use in labelling studies due to their reversible nature.3 Stable sites for exchange 
include bonds to carbon atoms and this stability make them more useful in labelling 
studies. The exchange catalysts can range from a simple acid or base to a metal complex. 
An example of an isotopic exchange reaction involving a polymeric substrate is 
illustrated by the proton-deuteron exchange of polystyrene in hexadeuterobenzene using 
ethylaluminium dichloride as an exchange catalyst and traces of water as a co-catalyst.
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This catalytic system produced isotopic exchange within the aromatic region of the 
substrate and after two exchanges the isotopic enrichment was reported to be greater than 
97%. However some degradation of the polystyrene substrate was observed.73
The tritium labelling of styrene has been studied by various groups. [a-3H]- 
styrene was produced by the reduction of acetophenone with tritium gas (Scheme 8),74>75
OII
.C-CTL
PVC
h 3c
Scheme 8
-CT=CTL
or by decomposition of the relevant styryl magnesium bromide with tritiated water.76 [p- 
3H]-styrene can be prepared by the same method. [oc,P-3H]-styrene can be prepared by the 
catalytic reduction of phenyl acetylene (Scheme 9).75
OrC=CH ,C T =  CRTPt/C
Scheme 9
Poly(methyl methacrylate) has been prepared, through the labelling of the 
monomer methyl methacrylate. In this case diazomethane was added to tritiated 
methacrylic acid enabling the tritiated monomer, labelled in the methyl ester group to be 
formed (Scheme 10).77
H2C =C — C 02T 
o r
c h 2n h 2
>  h 2c = c - c o 2c h 2t
CH.
Scheme 10
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n-Butyl methacrylate has been labelled using tritium with a high degree of 
regiospecificity by heating the alcohol (butan-l-ol) with tritiated water in the presence of 
the catalyst dichlorotris(triphenyl-phosphine)ruthenium(II) and then esterifying the 
product (Scheme l l ).78
A HTO
cH 3(c h 2)2c h 2o h  RuCl2(pph3);  CH3(CH2)2CHTOH 
H2c=c—C0 2H + CH3(CH2)2CHTOH — ► H2C= Ç— C0 2CHT (CH2)2CH3
CH 3,__________      -    CH
Scheme 11
The main drawback in labelling the polymer via the monomer is the problem of 
radiation induced polymerisation.16 Very few reported methods for the direct labelling of 
polymers have been described in the literature. One reported case involved the heating of 
poly(methyl methacrylate) with HTO in the presence of P20 5 as a catalyst, however the 
levels of isotopic incorporation achieved were very low.79 This type of exchange labelling 
also gives a random distribution of the label.
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2.4 Experimental
2.4.1 Model Compound Work
As outlined there are a large number of different methods and catalysts available 
to the radiochemist for the incorporation of tritium labels. In such studies a large number 
of factors need to be taken into account. For the polymeric substrates, Pm,-MlyMly&, the 
experimental conditions need to be optimised in order to fulfill the criteria mentioned in 
Section 2.2.6. Due to the complexity of the polymeric structure, PmMl2, it was decided to 
conduct the initial labelling experiments using dodec-7-yn-l-ol (6) as a model compound.
Due to the added precautions taken when using and handling tritium gas and 
tritiated compounds, the initial labelling studies were conducted using deuterium gas. 
Deuterium is ideal for this purpose as the labelling mechanism is identical to that for 
tritium.3 Once labelled, the compounds can be easily handled and by the subsequent use of 
deuterium NMR spectroscopy, the position(s) of the isotopic label can then be deduced 
by comparison with proton chemical shift data.7 ■12
A schematic diagram of the apparatus used for the labelling studies on the model 
compound and also on the unsaturated Pm/MlyMly* polymers (similar to that used by 
Lockley80), is shown in Fig 2.1.
HO
(6)
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magnetic breaker
NZ
C
Helium reservoir
manometer
mercury
reservoir
To vacuum
cold trap
Stainless steel HPLC tubing.
Glass tubing
Plastic vacuum tubing
Fig. 2.1 Schematic diagram of the tritiation/deuteriation apparatus (gas line).
All components of the gas line were constructed from glass unless otherwise 
stated. All HPLC tubing was stainless steel, 1/16" x 0.030" (Phase Separation Ltd), taps 
1-4 were one way taps, (SS-41S1, South London Valve and Fitting Company) with taps 5 
and 6 being 'Quickfif glass taps. All glass-metal joints were glass-metal welds and all 
glass-glass joints were greased 'Quickfif joints. The deuterium gas was directly 
connected from the cylinder to the gas line via tap 4.
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2.4.2 Heterogeneous Catalysis
The method generally used for the reduction of compounds using heterogeneous
catalysis and deuterium gas was as follows:
1. The reaction solution was placed in the reaction vial (A) and equipped with a 
magnetic stirrer bar.
2. The reaction vessel joint was greased (silicone grease) and securely placed in 
position, keeping tap 2 closed.
3. The deuterium source was connected and secured at tap 4.
4. The helium reservoir was filled, and secured into position.
5 . With taps 1, 2 ,3 and 4 closed the vacuum pump was turned on (tap 5 open) and the 
whole system evacuated for 15 minutes.The vacuum gauge was constantly monitored 
for possible leaks.
6 . When a constant vacuum was achieved the cold trap was placed in liquid nitrogen. 
The reaction vessel (A) was then frozen using liquid nitrogen.
7. Taps 1, 2 and 4 were opened and the system evacuated. Tap 3 was then very carefully 
opened and the level of mercury allowed to rise to almost the top of the manometer. 
At this stage tap 3 was then closed.
8 . Tap 5 was closed and a positive pressure of helium allowed to enter the system, after 
which the helium reservoir was closed. Tap 3 was then slowly opened to allow helium 
to enter into the manometer until about half full and then closed.
9 . Tap 5 was then re-opened and the system was re-evacuated. Tap 3 was opened and the 
helium in the manometer was removed, and tap 3 closed. The flushing sequence (7 - 
9) was repeated 3 times in order to remove as much air as possible from the apparatus.
10. After flushing, when the system was completely evacuated, taps 1 - 4  were closed. 
Tap 6 was then opened, until the mercury reservoir was evacuated, and then closed. 
The deuterium cylinder was then opened along with tap 4. Tap 3 was then very
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carefully opened to transfer the deuterium gas to the manometer. Once enough 
deuterium was transferred taps 3 and 4 were closed, and tap 6 was opened to the air 
and hence atmospheric pressure.
11. When the manometer contained deuterium at a pressure of one atmosphere, the 
reaction vessel was thawed out, the cold trap removed from the liquid nitrogen and 
the pump vented and turned off. Taps 2 and 3 were opened and the magnetic stirrer 
placed under the reaction vessel and started. The level of deuterium gas was marked 
on the side of the manometer and the reaction monitored.
The reduction product was separated from the catalyst, using the following 
procedure;
1. After the reaction was complete, taps 2 and 3 were closed, and the reaction vessel was 
removed.
2. Dry chloroform ( 2 - 3  ml) was added to the vessel and the suspension filtered through 
a celite filter (Si02), contained in a pasteur pipette, into a 10 ml glass vial.
3. The reaction vessel and celite filter were then flushed with a further aliquot of dry 
chloroform (2 ml) to ensure complete recovery of the deuteriated product. The 
chloroform was then removed by evaporation under vacuum to leave the product.
2.4.3 Analysis by Nuclear Magnetic Resonance (NMR) Spectroscopy
All deuteriated products were analysed by ^H-NMR (300 MHz) and 2H-NMR 
(46.1 MHz). All tritiated products were analysed by ^H-NMR spectroscopy (300 MHz) 
and decoupled 3H-NMR spectroscopy (320 MHz). All NMR spectra were obtained on 
a Bruker AC300 spectrometer. The unlocked 2H NMR spectra were accumulated until the 
natural abundance deuterium signal of the CHClg solvent could be detected above 
background noise, and then the spectrum was referenced to this peak. An alternative 
method used was to add a minute amount of deuteriated solvent (CDC13 or CD3OD) to
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the NMR spectroscopy sample in order to obtain a peak to which the 2H-NMR spectra 
were then referenced.
2.4.4 Experimental Materials and Reagents
Material/Reagent
Dodec-7-yn-l-ol 
5% Palladium on carbon 
5% Platinum on carbon 
Wilkinson's catalyst (RhC^PPhg)]) 
Lanthanide shift reagent (Eu(dpm)3)
Source/Grade
Lancaster Synthesis. Technical Grade 
Aldrich Chemicals 
Johnson Matthey Chemicals 
Aldrich Chemicals 
Aldrich Chemicals. Resolve Al™ 
Genzyme ChemicalsDipalmitylphosphatidylcholine (DPPC)
Dodecan-l-ol (Lanthanide shift studies) Aldrich Chemicals
All Pm/Mly and Pm,MlyMly& polymers were supplied by Biocompatibles Ltd.
All solvents were supplied by Aldrich Chemicals and were of analytical reagent grade.
2.4.5 Deuteriation Studies using 5% Pd/C as a Catalyst
HO
Pd/C or Pt/C 
 ►
xH2 gas
HO
* - indicates the expected position of the isotope
Dodec-7-yn-l-ol (20 mg) and 5% Pd supported on carbon (15 mg) were mixed 
with chloroform (0.50 ml) and placed in a 1 ml gas line reaction vessel and deuteriated 
using the method described in Section 2.4.2. Reaction time = 4.5 hrs.
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2.4.6 Deuteriation Studies using 5%Pt/C as a Catalyst
Dodec-7-yn-l-ol (20 mg) and 5%Pt/C (15 mg), was reacted in an an identical way 
to that for the 5% Pd/C catalysed reduction. Reaction time = 0.5 hr
This procedure was then modified to use ethyl acetate as a reaction solvent rather 
than chloroform.
2.4.7 Deuteriation Studies using 5%Pt/C in the Presence of 
Dipalmitoylphosphatidylcholine (DPPC)
The reduction using Pt/C was modified by the addition of DPPC to see if the 
presence of a phosphoryl choline containing molecule had any effect on the reaction. The 
procedure was identical to that for the 5% Pt/C catalysed reaction except that DPPC (15 
mg) was added. The deuteriated product was then separated from the DPPC by 
preparative thin layer chromatography (prep. TLC), using the conditions below:
Stationary phase: silica
Mobile phase: 100% ethyl acetate
Rf ([G-2H]-dodecanol) = 0.7
Rf (DPPC) = 0-0.1
The silica portion between Rf = 0.6 - 0.8 was removed from the plate and placed 
into a sintered glass funnel. The deuteriated product was extracted from the silica with 
ethyl acetate and filtered through the sinter funnel. The ethyl acetate was removed under 
vacuum to leave the oily yellow product, [7,8-2H]-dodecanol.
2.4.8 Labelling of PmMly16 using 5% Pt/C as a Catalyst
The procedure used was identical to that for the 5% Pt/C catalysed reaction except 
for the following differences - PmMly16 (20 mg) and Pt/C (15 mg) were reacted in a
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mixture of ethyl acetate and dry absolute ethanol, 50:50 (v/v), 600 \i\ total volume. Dry 
ethanol was prepared by the method described in Vogel.81
Isolation of the polymer post 'reduction' was attempted using the filtration method 
as with dodec-7-yn-l-ol. Unfortunately this was not successful as the polymer could not 
be isolated from the catalyst. Reduction was also very slow (Table 2.4) and by the 
quantity of gas taken up little or no reaction was assumed to have taken place.
2.4.9 Homogeneous Catalysis
Heterogeneous catalysis was shown to work well for the model compound but not 
for the polymers of interest, possible reasons are discussed in Section 2.6. It was decided 
to use Wilkinson's catalyst (RhCl(PPh3)3) as a homogeneous catalyst. Again the model 
compound and deuterium gas were used as a starting point.
2.4.10 Deuteriation of Dodec-7-yn-l-ol using RhCl(PPh3 ) 2  as a Catalyst
RhCl(PPh3)3 
________ ->  HO
xH2 gas
* - indicates the expected position of the isotope
Dodec-7-yn-l-ol (20 mg) was dissolved in a 3:1 mixture of benzene and dry 
ethanol (600 \il total volume) and placed in a 1 ml reaction vessel. The method used was 
virtually the same as described in Section 2.4.2, the main differences being in the addition 
of the catalyst and the product isolation, which are discussed below.
It was essential that oxygen was eliminated from the system in order to stop it 
poisoning the catalyst. Therefore the substrate (dodec-7-yn-l-ol) solution had to be 
thoroughly degassed before addition of the catalyst.59 The removal of air from the
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apparatus (Fig.2.1) was carried out as described in Section 2.4.2, steps 1-9, then the 
reaction solution was degassed using the freeze-thaw method described below.
1. The reaction solution was frozen and tap 2 was opened in order to evacuate the 
headspace above it. Tap 2 was closed and the solution was thawed and stirred, to 
allow the release of any dissolved gases.
2. This freeze-thaw technique was then repeated 3 more times to ensure complete de­
gassing of the solution. After the last freeze-thaw step the headspace above the 
solution was filled with helium gas. and the vessel carefully removed from the 
apparatus.
3. Wilkinson's catalyst (RhCl(PPh3)3) (5 mg), pre-dried at 30°C under vacuum for 24 
hrs, was added to the solution. On dissolution of the catalyst the solution turned 
from clear to a deep red colour.
4. The vessel was re-attached to the apparatus, the solution frozen and the headspace 
above evacuated. The solution was thawed, and deuterium gas introduced into the 
reaction vessel which was then stirred.
The uptake of deuterium was slow by comparison to the Pt/C reduction. The red 
solution quickly turned yellow as the deuterium was introduced, then slowly turned red 
on reduction. After approximately 6 hours when no further gas was taken up the reaction 
solution was removed from the apparatus and transferred to a 5 ml screwtop glass vial. 
The product, thought to be [7 ,8-2H]-dodecanol, was then separated from the catalyst by 
preparative thin layer chromatography (prep. TLC). The conditions were as follows:
Stationary phase: silica
Mobile phase: ethyl acetate:dichloromethane, 1:1 (v/v)
Rf. ([G-2H]-dodecanol) = 0.8
Rf. (catalyst) = 0.2 - 0.3 (broad)
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The silica portion between Rf = 0.7 and 0.9 was removed from the plate and 
placed into a sintered glass funnel. The [7,8-2H]-dodecanol was extracted using 
dichloromethane. The resulting CH2Cl2 solution was rotary vacuum evaporated to leave a 
pale yellow oil, [7,8-2H]-dodecanol.
2.4.11 Deuteriation ofPmMlyL6 using RhCl(PPh3 ) 3  as a Catalyst
1.6
OO
RhCl(PPh3)3 
 ►
xH2 gas
* - indicates the expected position of the isotope
PmMly16 (20 mg) was dissolved in a 3:1 (v/v) mixture of benzene and dry 
ethanol (600 pi total volume) and placed in a 1 ml reaction vessel. The methodology used 
was the same as for the deuteriation of dodec-7-yn-l-ol using Wilkinson's catalyst. 
Section 2.4.10, with the only difference being the isolation of the [2H]-labelled polymer 
which was carried out by a series of precipitations, as described below:
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1. The reaction solution was transferred to a 5 ml screwtop glass vial.
2. Acetone (2.0 ml) was added to the solution and the pH]-labelled polymer was 
precipitated out of solution as a white solid.
3. Once the precipitate had settled out the ambient liquid, including the majority of the 
catalyst, was removed. The resulting polymer was then washed with 2 - 3  further 
portions of acetone. After the last wash the remaining solvent was removed under 
vacuum to leave the white/opaque amorphous pH]-labelled polymer (12 mg, 60% 
yield).
This material was then analysed by !H and 2H NMR spectroscopy using 
CDCI3/CD3OD as a solvent for ^H-NMR spectroscopy and CHCI3/CH3OH for 2H-NMR 
spectroscopy.
2.4.12 Tritiation ofPmMlyL6 using RhCl(PPh3 ) 3  as a Catalyst
PmMly16 (20 mg) was dissolved in a 3:1 (v/v) mixture of benzene and dry 
ethanol (600 pi total volume) and placed in a 1 ml reaction vessel equipped with a 
magnetic stirrer bar. The solution was thoroughly de-gassed using the freeze-thaw 
method described, Section 2.4.10. Wilkinson's catalyst (5 mg) was added to the PmMlyj 6 
solution. A mixture of tritium gas (2 Ci, 74 GBq, 0.68 ml) and hydrogen gas in the ratio 
of 1:6 (v/v), respectively, was introduced to the reaction vessel at a pressure of 1 
atmosphere with stirring. The initial red solution turned yellow after approximately 15 
minutes on exposure to the tritium/hydrogen mixture. After vigorous stirring for 6 hours, 
by which time no further gas was taken up, the reaction solution appeared reddish and the 
stirring was stopped. At this stage the reaction solution was frozen and the 
tritium/hydrogen mixture was drawn back into the manometer. The reaction flask was 
then flushed with helium gas and the solution thawed. At this stage the flask was 
carefully removed from the apparatus and the [3H]- PmMl16 was isolated by the same 
precipitation method used in the deuteriation, Section 2.4.11. After drying under vacuum 
the labelled polymer, pHJ-PmMlj 6 was isolated (3 mg, 2.92 GBq, 79 mCi).
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The product was then analysed by iR-NMR using CDCI3/CD3OD as a solvent 
and also by 3H-NMR spectroscopy using CDCI3/CD3OD (50:50, v/v) as a solvent.
2.4.13 Other Pm/MlyMly* Polymers
The properties of biocompatibility and adsorption of the polymer onto substrate 
surfaces are dictated by the relative amounts of the two monomers, Pm (phosphoryl 
choline containing monomer) and Ml (lauryl methacrylate). Therefore by modification of 
the ratio of the two monomers varying degrees of performance can be achieved. Work has 
been carried out on different ratios of the Pm to Ml monomer, the resulting polymers 
being PmMl2 and PmMl4. In order to compare their relative stabilities tritiated versions 
of these were required.
Another property that was thought to relate to the stability of these polymers once 
adsorbed onto hydrophobic surfaces was that of molecular weight. In order to determine 
the relationship between the stability of the polymer, once coated, and the molecular 
weight a radiolabelled low molecular weight PmMl2 analogue was required.
2.4.14 Tritiation of PmMl2, PmMl4 and a Lower Molecular Weight PmMl2 
Analogue
The procedure used was identical to that for the labelling of PmMly16. The 
unsaturated substrates are shown in Table 2.2.
The only difference between the tritiation of PmMly^g ( Section 2.4.12) and the 
tritiation of these analogues occured in the precipitation stage. After the tritiated product 
was removed and transferred to a separate container a small portion of the saturated 
equivalent PmzMly (20 mg) was added to aid the precipitation of the [3H]-PmzMly 
polymer. The rest of the procedure was identical to that of the PmMlyj 6 tritiation 
(Section 2.4.12).
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Unsaturated polymer Saturated pH]-version
Pn^MlgMly pH]-PmMl2
PmMlgMly pH]-PmMl4
PmMl2Ml2 pH]-PmMl4
Low mol. wt. PmMlMly Low mol. wt. [3H]-PmMl2.
Table 2.2 Unsaturated polymers labelled using tritium.
2.4.15 Lanthanide Shift Reagent Studies
During the labelling procedure some double bond migration might have occured, 
leading to tritium atoms occupying positions either side of the original alkyne 
functionality. In order to determine the extent and pattern of labelling within the polymers 
a lanthanide shift reagent was used to separate out the chemically equivalent positions 
that the possible tritium atoms were ocupying. Lanthanide shift reagents have been used 
extensively to separate overlapping NMR spectroscopy signals that have similar chemical 
shifts.82’ 83-84’85’ 86>87 Their application in the study of tritiated compounds is a great deal 
less common.88 It was impossible to use a lanthanide shift reagent in conjunction with the 
[3H]-PmMli g polymer because of the complex nature of the polymer and the lack of a 
binding site for the lanthanide metal ion. Therefore an assumption has to be made, 
namely that the pattern of labelling in the alcohol, dodec-7-yn-lol, was the same as that 
in the PmMlyj 6 labelled under identical reaction conditions. By complexation of [3H]- 
dodecan-l-ol with a lanthanide shift reagent and subsequent NMR spectroscopy 
experiments the pattern of labelling in the pHj-PmMli 6 can be inferred.
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2.4.16 Tritiation of Dodec-7-yn-l-ol
Although used in the model compound work dodec-7-yn-l-ol was required to be 
tritiated because of the need for [3H]-dodecan-l-ol for the lanthanide shift reagent 
studies.
The procedure followed was identical to that used for the deuteriation of dodec-7- 
yn-l-ol, Section 2.4.10, except for the use of a tritium/hydrogen mixture (1:6 ratio (v/v)), 
identical to the reduction mixture used for the PmzMlyMly^ polymers. The separation of 
[3H]-dodecan-l-ol and the catalyst was carried out using preparative thin layer 
chromatography, as used in the deuteriation of dodec-7-yn-l-ol, Section 2.4.10.
The product, [3H]-dodecan-l-ol,(15.2 mg, 82 pinole, 76% yield, 13.5 GBq, 18.5% 
radiochemical yield) had a specific activity of 165 GBq/mmole (4.5 Ci/mmole, 888 
MBq/mg). The product was then analysed by lU and 3H-NMR spectroscopy using CDC13 
as a solvent.
2.4.17 Dodecan-l-ol/Europium Tris(dipivaloyl malonate) Complex
Initially the conditions for the complexation of (Eu(dpm)g) with dodecan-l-ol had 
to be set up so that these conditions could be duplicated in the study of [3H]-dodecan-l- 
ol. Dodecan-l-ol (10 mg, 54 pmoles) was dissolved in CDCI3 (0.5 ml) and then 
Eu(dpm)3 (19 mg, 27 pmoles) was added and gently warmed to aid complexation and 
dissolution. This solution was then used to record the spectrum of the dodecan-
1-ol/europium tris(dipivaloyl malonate) complex (7).
J /
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2.4.18 [7,8-3H]-Dodecan-l-ol/Europium Tris(dipivaloyl malonate) Complex
[7,8-3H]-Dodecan-l-ol (8 mg, 42.9 pmoles,7.1 GBq, 192 mCi) and dodecan-l-ol 
(25 mg, 134 pmoles) were dissolved in deutero-chloroform (1.0 ml). A portion (0.25 ml,
1.8 GBq, 48 mCi) was removed and placed in a 2 ml glass vial. Eu(dpm)3 (15 mg, 22 p 
moles) was added and the mixture gently warmed until all the solid had dissolved. The 
solution was then placed in a 3 mm diameter Teflon NMR spectroscopy tube and 
analysed by and 3H-NMR spectroscopy.
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2.5 Results
This section contains the NMR spectroscopy data and the assignments for the 
compounds labelled in the experimental section. The results show how 1H, 2H and 3H- 
NMR spectroscopy can be used to give the positions and patterns of the hydrogen labels 
in the model compounds and polymers.
2.5.1 General 1H-NMR Assignments for Dodec-7-yn-l-ol and Dodecan-l-ol
1 3 5 7 9 11
(9)
The numbers above indicate the numbering system for the carbon backbone in 
dodec-7-yn-l-ol (8) and dodecan-l-ol (9) so that the 1H, 2H and 3H-NMR spectroscopy
Carbon position (from -OH) Dodec-7-yn-l-ol
1 Ô (ppm) 3.65 (t, 2H)
2 ô (ppm) 1.65 (qn, 2H)
3 -5 Ô (ppm) 1.2-1.6 (b, 6H)
6 & 9 8 (ppm) 2.15 (t, 2H)
1 0 -1 1 8 (ppm) 1.2-1.6 (b, 6H)
12 8 (ppm) 0.9 (t, 3H)
Table 2.3 ^H-NMR spectroscopy assignments for dodec-7-yn-l-ol
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Carbon position (from -OH) Dodecan-l-ol
1 ô (ppm) 3.65 (t, 2H)
2 ô (ppm) 1.55 (qn, 2H)
3-11 Ô (ppm) 1.25 (b, 18H)
12 Ô (ppm) 0.9 (t, 3H)
Table 2.4 ^H-NMR spectroscopy assignments for dodecan-l-ol
2.5.2 Heterogeneous Catalysis Results
The following spectra, 1-2 show the use of heterogeneous catalysis in the 
reduction of dodec-7-yn-l-ol using deuterium gas.
Spectrum 1: spectrum of the model compound, dodec-7-yn-l-ol
5 a 3
PPM
2 1
Assignments: tR-NMR spectrum (CDC13) 6 , 0.95 (t, 3H), 1.2 - 1.7 (m, b, 12H), 2.15 (t, 
2H), 3.65 (t, 2H).
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Spectrum 2: 2H-NMR spectrum of Pt/C reduced dodec-7-yn-l-ol ([2H]-dodecan-l-ol.)
P P M
Assignments: 2H-NMR spectrum (CHCI3) 5, 1.25 (b, 92%), 1.6 (b, 8%), (5, 3.4, CD3OD 
reference)
The deuteriation results using heterogeneous catalysis are summarised in Table
2.5.
Reactants Result Time taken
Dodec-7-yn-l-ol + Pd/C Complete reduction 4.5 hr
Dodec-7-yn-l-ol + Pt/C Complete reduction 0.5 hr
Dodec-7-yn-l-ol + Pt/C + DPPC Complete reduction 1.0 hr
PmMlyj £ + Pt/C No reduction product isolated After 16 hrs
Table 2.5. Deuteriation results for heterogeneous catalysis
2.5.3 Homogeneous Catalysis Results for Dodec-7-yn-l-ol.
The following spectra 3-5 show the use of Wilkinson's catalyst in the reduction of 
dodec-7-yn-l-ol with deuterium gas.
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Spectrum 3: 'H-NMR spectrum of 2H2 reduced dodec-7-yn-l-ol using Wilkinson's
catalyst. ([2H]-dodecan-l-ol.)
3
PPM
45 2 1
Assignments: ^H-NMR spectrum CDClg) Ô, 0.88 (t, 3H), 1.25 - 1.3 (m, 14H), 1.55 (qn, 
2H), 3.65 (t, 2H)
Spectrum 4: 2H-NMR spectrum of 2H2 reduced dodec-7-yn-l-ol using Wilkinson's 
catalyst. (pH]-dodecan-l-ol.)
Ji
P P M
Assignments: 2H-NMR spectrum (CHCI3) 5, 1.2 (b). (5, 3.3 . CD3OD reference)
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Spectrum 5: 3H-NMR spectrum of 3H2/ 1H2  reduced dodec-7-yn-l-ol using Wilkinson's
catalyst. ([3H]-dodecan-l-ol.)
P P M
Assignments: 3H-NMR spectrum (CDClg) 5, 1.22 (s)
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2.5.4 General 1H-NMR Assignments for Pm/MlyMly^ Polymers
The ^H-NMR spectroscopy assignments for the protons in Pm/MlyMly* polymers 
(10) are shown in Table 2.6.
(10)
Proton number Proton type Chemical shifts (ppm)
1 Terminal methyl protons ô (ppm) 0 .8-1.1
2 Methylene protons 6 (ppm) 1.2 - 1.8
3 Methylene protons (oc-alkyne) Ô (ppm) 2.1
4 Tri-methylammonium protons S (ppm) 3.3
5 Methylene protons 8 (ppm) 3.5 - 4.4
NB. Residual water appears as a relatively sharp line at approx. 4.6ppm.
Table 2.6 ^H-NMR spectroscopy assignments for the protons in Pm/MlyMly^ polymers
78
2.5.5 Homogeneous Catalysis Results for PmzMlyMly* Polymers
Spectra 6-21 show the use of Wilkinson's catalyst in the reduction of Pm/MlyMly* 
polymers with deuterium and tritium gas.
"Spectrum 6 : spectrum of PmMlyj $
PP M
Spectrum 7: spectrum of 2H2 reduced PmMlyj 6 using Wilkinson's catalyst.
(pH]-PmMlL6).
5 34 2
PP M
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Spectrum 8: 2H-NMR spectrum of 2H2 reduced PmMly, 6 using Wilkinson's catalyst.
(pH]-PmMl1-6).
3
P P M
24 15
Spectrum 9: 3H-NMR spectrum of 3H2/ 1H2 reduced PmMly^^ using Wilkinson's 
catalyst ([3H]-PmMli g).
T
5
T
4
T
2I 1
PPM
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Spectrum 10: tR-NMR spectrum of Prr^MlgMly.
PPM
Spectrum 11: spectrum of 3H2/ 1H2 reduced Pm2Ml3Mly using Wilkinson's
catalyst.
4 35 2 1
PPM
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Spectrum 12: 3H-NMR spectrum of 3H2/ 1H2  reduced Pm^MlgMly using Wilkinson's
catalyst. ([3H]-PmMl2 ).
3
PPM
Spectrum 13: IR-NMR spectrum of PmMl3Mly.
T
1
~r
2
~r
5 ~T~
PPM
4
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Spectrum 14: lH-NMR spectrum of 3H2/ lH2  reduced PmMl3Mly using Wilkinson's
catalyst. ([^Hj-PmMl^).
T
3
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r T
5
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4
T
1
PPM
Spectrum 15: 3H-NMR spectrum of 3H2/ 1H2 reduced PmMlgMly using Wilkinson's 
catalyst. (pHj-PmMl^).
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Spectrum 16: tH-NMR spectrum of PmM^Mly2.
T
1
T*
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Spectrum 17: spectrum of 3H2/ 1H2 reduced using Wilkinson's
catalyst. (pHJ-PmMl^).
3 2 145
PPM
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Spectrum 18: 3H-NMR spectrum of reduced using Wilkinson's
catalyst. (pHj-PmMl^).
ÜUlililtHdilliiWfwWm
PPM
Spectrum 19: 1H-NMR spectrum of PmMly2 low mol. wt.
5 4 3 2
PPM
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Spectrum 20: 1 H-NMR spectrum of ^H^/'H^ reduced PmMly2  using Wilkinson's
catalyst. (pHj-PmM^ low. mol.wt.)
T
5
T
A T3 2 I
Spectrum 21: 3H-NMR spectrum of 3H2/ 1H2 reduced PmMly2 using Wilkinson's 
catalyst. ([3H]-PmMl2 low. mol.wt.)
T
5
T
4
— i—
3
P P M
T
2
8 6
The tritiation results on dodec-7-yn-l-ol and the PmMly polymers are summarised 
in Table 2.6.
Substrate Specific Activity 
(mCi/mg)
Reduced Product
PmMly i s 26.3 PmMI, 6
Pm2Ml3Mly 13.5 PmMl2
PmMl3Mly 15.0 PmMl4
PmMl2Mly2 25.0 PmMl^
PmMly? low mol. wt 33.0 PmMI? low mol. wt
Dodec-7-yn-l-ol 24.0 Dodecan-l-ol
Table 2.6 Tritiation of Pm/MlyMly* polymers and dodee-7-yn-l-ol.
2.5.6 Lanthanide Shift Reagent Results
The lanthanide shift reagent studies were carried out in order to determine the 
position and the extent of incorporation of the tritium label. The and -H-NMR 
spectroscopy experiments were carried out using CDC13 and CHC13 respectively, as 
solvents. Spectra 22-24 show the results obtained by this method.
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Spectrum 22: 1 H-NMR spectrum of [3H]-dodecan-1 -ol/Eu(dpm)3 conjugate.
PPM
Spectrum 23: Expanded 1 H-NMR spectrum of [3H]-dodecan-l-oI/Eu(dpm)g conjugate.
3
PPM
25
Spectrum 24: 3H-NMR spectrum of [3H]-dodecan-1 -ol/Eu(dpm)3  conjugate.
— i—
3
PPM
2 1
A summmary of the NMR spectroscopy data for the lanthanide shift reagent work 
is shown in Table 2.7
Methylene position 
from -OH group
lH NMR 
chemical shift
3H NMR chemical 
shift
Relative intensity
1 12.70 - -
2 6.72 - -
3 4.80 - -
4 3.04 - —
5 2.31 - -
6 1.91 - -
7 1.67 1.60, 1.63 (two signals) 50
8 1.51 1.46, 1.49 (two signals) 50
9-11 1.37 - -
12 0.90 - -
Table 2.7 1 H-NMR and 3H-NMR results for the lanthanide shift reagent experiments.
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2.6 Discussion
The model compound, dodec-7-yn-l-ol, has illustrated the advantages and 
disadvantages of the various labelling techniques, as shown by NMR spectroscopy 
analysis. However due to the inherent differences between the model compound and the 
polymeric substrate (Pm,MLMly&), some refinement of the initial technique was 
subsequently required.
Heterogeneous catalysis was employed using two different catalysts, palladium 
and platinum supported on carbon. Palladium has been a widely used catalyst for the 
reduction of alkynes.1941 However in this context the reaction was fairly slow (Table 2.4) 
and after it had finished, the reduction product contained some unsaturated material, as 
both alkyne starting material and alkene containing products were identified by l¥L and 
2H-NMR spectroscopy. This therefore indicated that the activity of the Pd catalyst was 
not sufficient to fully reduce dodec-7-yn-l-ol even though the conditions were favourable 
for complete reduction i.e. high hydrogen availability and agitation of reactants.19’20
In order to increase the catalytic activity platinum was used in preference to 
palladium; it was also known to be a more selective catalyst for isotopic incorporation. 
The platinum catalysed reaction showed a large increase in rate of reaction 
(approximately 8 times) and from inspection of the ^H-NMR spectroscopy data the 
reduced product showed no evidence of alkyne or alkene residues. This brought about the 
conclusion that the platinum methodology fulfilled the criteria of complete reduction 
(Section 2.2.6.). The 1 H-NMR spectroscopy data can not fully define the specificity of 
the incorporation of the label, as the positions of protons bonded to carbons 3-11, in the 
12 carbon backbone, are all magnetically similar in the product, dodecan-l-ol. Although 
platinum provides 'clean' reductions it would be expected that some migration of the 
isotope would occur during reduction. However from 2H-NMR spectroscopy 
approximately 8% of the deuterium was observed in the position corresponding to the C- 
2 position, indicating that approximately 92% was incorporated in the C-3 - C -ll 
positions (Spectrum 2). However without mass spectroscopy it was impossible to pin-
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point the exact position of the isotope. It was not essential, only desirable, that the isotope 
only be located at the 7 and 8 positions so further experiments using Pt/C were carried out 
to investigate the effect of other structural factors on the activity and efficiency of the 
reduction process.
The Pm/MlyMly^ polymers due to their size and structure i.e. phosphoryl choline 
headgroup and aliphatic side chains, were more likely to interfere with the reduction 
process than the model compound. Therefore a more representative reaction was carried 
out looking at the effect, of dipalmitoylphosphatidylcholine (DPPC) on the platinum 
catalysed reduction of dodec-7-yn-l-ol. This was carried out by the addition of DPPC to 
the reaction mixture. The most noticeable effect was observed in the increased time taken 
for the reduction, although complete saturation of dodec-7-yn-l-ol occurred and the 
structure of the added DPPC was unaffected. However the result of the reduction of 
PmMly j 6 using Pt/C showed that the catalytic reduction was affected to a much larger 
degree, with very little or no reduction being observed. One possible source of this 
problem was when the substrate was brought into contact with the Pt/C catalyst there was 
such an overwhelming association that the polymer becomes 'coated' on the catalyst, 
Fig.2.2.
Carbon support
Platinum catalyst
Fig.2.2 Pm/MlyMly* polymer - platinum on carbon catalyst interaction.
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A prerequisite for the catalytic cycle is that the interaction between the substrate 
and catalyst is reversible for the addition of the hydrogen isotope. If the association was 
irreversible, as in the adsorption mechanism Fig.2.2, then reduction would not be able to 
take place. The lowering of the reaction rate on the addition of DPPC may be due to this 
adsorption process as when DPPC and the platinum on carbon catalyst are brought into 
contact with each other, interaction occurs between the hydrophobic aliphatic chains of 
DPPC and the carbon support. These types of hydrophobic interaction may be weak and 
reversible under the experimental conditions, possibly only causing a reduction in the 
catalytic activity, leading to longer times. However, when the catalyst comes into contact 
with the Pm,-Ml/Mly& polymer the interaction may be much stronger and irreversible due 
to the larger number of aliphatic chains present. This effect may then be responsible for 
the complete cessation of the catalytic activity, thereby completely suppressing the 
reduction process.
Heterogeneous catalysis was shown to be unsatisfactory when applied to the 
polymeric alkyne substrate. Therefore to minimise any unwanted interactions between the 
substrate and catalyst, homogeneous catalysis was applied so that the catalyst could 
'approach' and interact with the substrate in solution.
The results from the reduction of dodec-7-yn-l-ol with deuterium gas showed that 
Wilkinson's catalyst produced fully saturated [2H]-dodecan-l-ol, with no evidence of 
alkene or alkyne residues. The extent of the deuterium incorporation is again hard to 
estimate although the selectivity is improved over Pt/C, as there is no sign of any C-2 
labelled material, leading to the conclusion that the isotopic label is incorporated within 
the C-3 to C -ll region (Spectrum 4). This is as expected as homogeneous catalysis has 
the advantage of being more selective than heterogeneous catalysis during reduction.64 
Due to the success of this method it was directly applied to the polymeric substrate 
PmMly 16.
The results obtained using the Wilkinson's catalysed deuteriation of PmMly 16 
were a duplication of those obtained from the reduction of dodec-7-yn-l-ol by !H and
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2H-NMR spectroscopy. There was also no effect on the polymeric substrate after 
reduction. The pattern of deuterium labelling in [2H]-PmMly 16  showed no difference 
from that of [2H]-dodecan-l-ol by 2H-NMR spectroscopy (Spectrum 8), although due to 
the magnetic similarities of these positions it is difficult to prove in this case.
The tritiated polymers were not required at maximum specific activity, therefore 
the diluted tritium gas was used in the reduction method. A reduction gas mixture of a 6:1 
ratio of hydrogemtritium gas was used. The 3H-NMR spectrum of reduced PmMly 16 
(pHJ-PmMlj 6) showed a single signal corresponding to an aliphatic triton at ô 1.25ppm 
(Spectrum 9). Once the technique had been established for the labelling of PmMly 16  it 
was then used to label the other Pn^MlyMly^ polymers. In the tritium labelling studies of 
all the Pm/MlyMly* polymers the 3H-NMR spectroscopy results demonstrate a similar 
pattern of labelling which highlights the flexibility and reproducibility of this tritiation 
method (Table 2.6). The specific activities of the reduced polymers reflect the degree of 
unsaturation that is present in the substrate polymer. This may be illustrated by the fact 
that the specific activity of reduced PmMl^Mly^ (25.0 mCi/mg) is approximately twice 
that of reduced Pn^MlgMly (13.5 mCi/mg).
The exact position and extent of incorporation of the 3H label can not be predicted 
by straight forward 3H-NMR spectroscopy as the C-3 to C -ll positions are magnetically 
almost identical under normal 3H-NMR spectroscopy conditions. However the addition 
of paramagnetic agents (i.e. lanthanide metal ions) can produce the effect of reducing the 
magnetic equivalence of various protons.82 - 87 Rabenstein used a technique which 
involved the addition of tris(dipivalomethanato) europium (Eu(dpm)3) to deutero- 
chloroform solutions of alcohols to produce large downfield shifts in the resonance 
frequencies of carbon bonded protons in alcohols.87 Eu(dpm)3 induces large downfield 
shifts in the lH-NMR spectroscopy signals of protons in molecules that contain hydroxyl 
(-OH) groups without collapsing multiplet patterns due to spin-spin coupling.82 - 87 These 
shifts are probably due to pseudo contact interactions arising from the bonding of the 
hydroxyl group to the paramagnetic europium ion.83 The shifting ability of lanthanides, 
such as europium complexes, provides a method of resolving overlapping resonances of
93
previous magnetic equivalence. Rabenstein reported that by the use of Eu(dpm)3 all of the 
individual methylene signals could be resolved from n-heptan-l-ol by the use of iR-NMR 
spectroscopy.87 Chiral lanthanide shift reagents, (3-hepto-fluorobutyryl-d-camphorato) 
europium (III), have been used in conjunction with 3H-NMR spectroscopy in order to 
determine the optical purities of 3H labelled compounds.88 These chiral shift reagents 
have been used to separate the different diastereomeric forms of [3H]-decanol. The 
addition of the lanthanide shift reagent (LSR) caused non-equivalence in the a  and p 
methylene protons adjacent to the hydroxyl group to be observed. From the resolution of 
the a  and p methylene proton signals the ratio of diastereomeric forms was determined.88
In the case of the labelled polymeric materials, pHj-Pm^Mly, because of the 
complexity of their structure and more importantly the lack of a binding site for 
complexation of the LSR, an assumption had to be made which was that the pattern and 
distribution of the tritium label within [3H]-dodecan-l-ol produced by the Wilkinson's 
catalysed reaction with tritium/hydrogen, was the same as that in the polymer, [3H]- 
Pm/Mly. Therefore by using [3H]-dodecan-l-ol and Eu(dpm)3 as a model system the 
extent and distribution of the tritium label in the polymer was deduced.
Adaptation of the LSR/alcohol method,87 led to Iff-NMR spectroscopy studies 
being carried out on solutions of dodecan-l-ol and Eu(dpm)3. The studies were carried 
out to optimise the LSR/dodecan-l-ol technique, maximising the resolution of the 
methylene signals and minimising line broadening effects. Levels of 0.1 - 0.7 mole ratio 
of Eu(dpm)3:dodecan-1 -ol were evaluated for their effect on the iR-NMR spectra. 
Optimal conditions were found at a 0.5 mole ratio of Eu(dpm)3:dodecan-l-ol at 25°C. 
This produced resolution of the signals from the C-l to C-8 methylene protons (Spectrum 
22). The shift results were in accordance with the results reported by Rabenstein for n- 
heptan-l-ol.87 This method was then applied to [3H]-dodecan-l-ol. Analysis of the 3H- 
NMR spectrum of the [3H] -dodecan-1 -ol/Eu(dpm)3 complex showed that the previous 
singlet was now seen to be a pair of doublets corresponding directly to the 7 and 8 
positions (Spectrum 24), deduced from the 1H-NMR spectrum of the same material, 
Table 2.7. No tritium could be detected in any other position except the 7 and 8 position.
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Integration of the two signals showed an equal distribution of the tritium label in the two 
positions. Rakoff et al63- showed that by the deuteriation of alk-3-ynols and their 
tetrahydropyranyl ethers using Wilkinson's catalyst the amount of regiospecific labelling 
was greater than 96%. These results using dodec-7-yn-l-ol confirm the high degree of 
regiospecifc labelling accomplished in the reduction. The 3H-NMR spectrum of the [3H]- 
dodecan-1 -ol/Eu(dpm)3 complex appears as a pair of doublets (Spectrum 24). The reason 
for this could be the resolution of diastereomers or the presence of tritium-tritium 
coupling from the presence of doubly labelled species. On the complete reduction of 
dodec-7-yn-l-ol with a 6:1 mixture of hydrogemtritium a variety of different species 
could theoretically be produced (Fig.2.3).
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Fig.2.3 Possible tritiated species produced in the 1H2 /3H2 reduction.
The introduction of a tritium atom would produce a chiral centre89 90 at either the 
7 or 8 carbon atom in the 12 carbon chain of pH]-dodecan-l-ol. The singly labelled 
species, which was far more likely to be present, on the basis of ratio of the 1H2 :3H2 
gases used, could exist in a series of diastereomeric forms, Fig.2.4.
H 11C5 C5H 11 h 9c 4
(OH)H12q
,/H . . . . .     . /  ''''' H HC6H12(OH) (OH)H14Cz7 
7(S) 8(R)
X.
C4H9
C7H14(OH)
7(R)  8(S)
Fig.2.4 Possible diastereomeric forms produced in the lH2/3H2 reduction.
These diastereomeric forms should however occur in equal ratios during the 
reduction procedure. Therefore on addition of the LSR, and the formation of magnetic 
non-equivalence in the different diastereomers, then the singlet in the 3H-NMR spectrum
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should appear as two doublets with an equal ratio of each of the four species. Because of 
the difference in the intensity of the two components of the doublets the origin of the 
splittings is more likely to be from tritium-tritium coupling from doubly labelled species. 
A possible reason for the formation of doubly labelled species is that on mixing of the H2 
and T2 gases not all of the T2 is converted to HT.
H2 + T2 ------- ► 2HT
Therefore the presence of T2 in the reduction is more likely to lead to the 
formation of doubly labelled species. Due to the dilution of the tritium gas used in the 
reduction experiment, higher tritiated versions would be expected to be rare.
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2.7 Conclusions and Further Work.
The procedure for the tritium labelling of PmzMly- polymers has been shown to be 
highly regiospecific and applicable to a range of Pm/MlyMly* polymers.38’ 91 These 
polymers can therefore be used for their intended purpose, investigation of the stability of 
[3H]-PmzMly polymers once coated onto various substrates. This type of labelling gives 
[3H]-polymers labelled solely in the aliphatic region of the polymer so stability studies 
will be primarily concerned with this section of the molecule, not the phosphoryl choline 
portion. Therefore it would be desirable to label the polymer molecule, with tritium, in 
the phosphoryl choline headgroup to determine the fate of the headgroup under a range of 
stability experiments. Other methods of labelling, especially exchange labelling, could 
offer alternative ways of incorporating tritium into these types of polymer.
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3.1 Introduction
The separation and purification of compounds can be carried out by a number of 
techniques amongst which are those that depend on some kind of chromatographic 
separation. Chromatography exploits the different chemical and physical properties of 
different molecules and hence allows the separation of mixtures into their individual 
components. These different properties of various molecules include chemical reactivity, 
polarity and molecular size. In order to cater for the large range of different molecular 
properties a large number of different chromatographic techniques have been developed. 
Commonly used chromatographic methods for the separation and analysis of discrete 
organic molecules include thin layer chromatography (TLC), high performance liquid 
chromatography (HPLC), and gas chromatography (GC). These techniques rely on the 
differences in affinities for the compounds between two heterogeneous phases (stationary 
and mobile). Separation of the components is achieved by the associations the various 
molecular components have with the two phases, and under the correct experimental 1
conditions, even the most complex of mixtures can be separated and analysed. For larger 
macromolecules adsorption type chromatographic techniques become inapplicable above 
certain molecular weights. Separation of macromolecules can be achieved by 
discrimination on the basis of molecular size by use of a molecular sieving technique. This 
separation mechanism is better known as gel permeation chromatography (GPC).1’ 2>3
The purification and analysis of radio-labelled compounds can be carried out by the 
application of techniques such as radio-gas chromatography (radio-GC), radio-thin layer 
chromatography (radio-TLC) and radio-high performance liquid chromatography (radio- 
HPLC).4 These radio techniques use the same methodology as their corresponding non­
radio applications with the difference being the detection of radioactivity.4 The 
development of the radio chromatographic methods, discussed above, has come about as a 
result of the large amount of radio-labelling studies carried out on organic compounds and 
the necessity to separate and analyse the radioactive components. Unfortunately very little 
work has been carried out on radio-labelled macromolecules, especially synthetic 
polymers,5- 6 therefore the respective radio analytical techniques for these types of 
compounds are not readily available. This was therefore a major restriction in the analysis 
of radio-labelled PmzMly polymers, as a technique to estimate their radiochemical purities
107
was required. With respect to the PmzMly polymers the problem was two-fold, firstly, no 
gel permeation chromatography methodology for the analysis of these types of polymer 
had been developed and secondly, no radio-gel permeation chromatography method was 
available. The problem was such that a gel permeation chromatography method for the 
PmzMly polymers had to be developed and then applied to the radio-labelled polymers, in 
order to produce a radio-gel permeation chromatography method and show that the 
radioactive polymers are identical to the inactive materials. This was important to know as 
for stability studies the inactive and radioactive polymers must be identical. A radio-gel 
permeation chromatography method also allows an estimate of the radiochemical purities 
of these polymers to be made.
3.2 Introduction to Gel Permeation Chromatography
Since its introduction gel permeation chromatography (GPC) or size exclusion 
chromatography (SEC) has become the most widely used technique for the determination 
of the molecular weight distribution of polymers.1 -3>7 The molecular weight distribution of 
a polymer has a significant influence on its properties and a knowledge of this distribution 
is fundamental to the full characterisation of the polymer. The stationary phases are highly 
stable, cross-linked gels which have a distribution of different pore sizes, and can, by 
means of a basic sieving action, effect separation of a polymer sample into fractions, 
dictated by their molecular volume. This gel stationary phase is commonly composed of 
cross-linked polymers or macroporous silica particles which contain a range of different 
pore sizes. The range of pore sizes within the gel is critical as the success of this size 
fractionation procedure is dependent on this.8
The mechanism of separation can be simply illustrated by taking the example of large 
and small molecules and following their passage through the gel, Fig.3.1. Large molecules, 
which occupy the greatest effective volume in solution, are excluded from the smaller pore 
sizes in the gel and pass quickly through the larger channels between the gel particles. This 
results in the large molecules being eluted first from the column. As the molecular size 
decreases there is increasing probability that the molecules can diffuse into the smaller 
pores and channels in the gel which interferes and slows their time of passage through the 
column by providing a potentially longer path length before being eluted.1 -3
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Direction of flow
Fig.3.1. Representation of the passage of various size molecules through a gel.7
The efficiency of the separation process is a function of the retention volume (Vr) 
and the molecular mass (M). The relationship between these two parameters has been 
determined showing that the value of VR depends on the interstitial void volume (V0) and 
the accessible part of the pore volume in the gel:7 -9
VR = V0 + KDVi Equation 3.1
Vj is the total internal pore volume of the gel and KD is the partition coefficient 
between Vj and the portion accessible to a given solute, Equation 3.1. For very large 
molecules KD=0, therefore VR=V0, and rapid elution takes place. For very small molecules 
Kd =1, due to the ability to penetrate the total pore volume, and longer retention times (VR) 
are observed. Fig.3.2 demonstrates that effective GPC can only be carried out over a finite 
molecular weight range, dependent on the gel used, in this case between limits of 1 and 2 . 
Discrimination amongst molecular sizes with VR<V0 or VR>V0 + Vj can not be made as 
they fall outside the limits of the GPC experiment.2
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Fig 3.2 Gel permeation chromatography elution with respect to molecular size.2
Fig.3.2 also demonstrates how gel permeation chromatography can be used to 
determine the various molecular weight components of a mixture. The representation 
depicts a three component mixture with different retention volumes/times. The order of 
elution indicates the order of molecular size, i.e. largest first. If resolution can be achieved 
between the components then the relative amounts of each component can be determined 
from peak integration.1" 3>10
Information on the molecular weight distribution of polymers can also be obtained 
from the gel permeation chromatography experiment by comparison of the unknown 
molecular weight distributions with known molecular weight standards.7*11 The rationale 
for this comparative technique is based on the observation that the product of the intrinsic
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viscosity (rj) and the molecular mass (M) is independent of the polymer type.12» 13 This 
universal calibration curve can be obtained by plotting log[r|].M against VR for a given 
column and elution solvent at a fixed temperature. Experimental verification of this has 
been carried out for a wide range of different polymers.14
To obtain the molecular weight distribution the presence of the polymer being eluted 
must first be detected. This is usually measured continuously using refractive index (RI) or 
ultra-violet (UV) detectors which give the mass distribution as a function of VR. To 
determine the molecular mass of unknown polymers (Mu) the column must first be 
calibrated with the standard polymer samples (e.g. polystyrenes of a known narrow 
molecular weight distribution (Mg), with polydispersities close to unity) under identical 
experimental conditions. A plot of log [Mg] against VR generally leads to a linear 
relationship. Deviations from linearity can occur at high and low molecular weights.2>3 By 
substitution of the retention time of the unknown polymer into the standard calibration 
curve the molecular weight distribution of the unknown polymer can be estimated.1 "3’ 15 
GPC thus provides a rapid and convenient method of obtaining molecular weight 
distributions once the appropriate calibration has been carried out.
When using GPC care must be taken not to overload the column with too large a 
polymer sample, as this can also result in a non-linear response, characterised by losses in 
resolution and column efficiency. Dispersion controlled, band broadening effects 
producing artificially broad molecular weight distributions can be minimised, although not 
entirely eliminated, by using long efficient columns.1
3.2.1 Experimental Variables in Gel Permeation Chromatography
In GPC, as in all forms of chromatography, there are a large number of variables to 
take into account whilst attempting to optimise the separation, resolution and 
reproducibility of the technique. The most important aspects are the column, the mobile 
phase and the detection of the solute. These three factors are all interdependent on one 
another, and the selection or modification of one can lead to major changes in one or both 
of the other variables.
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Under ideal conditions for GPC, the role of the packing material (gel) is limited to 
providing a solid matrix, into the pore structure of which the solvent and solute molecules 
can permeate. The physical property of pore size within the gel dictates what molecular 
size range can be separated on a given column. This property is inversely related to the 
degree of cross linking of the polymer and can be regulated by the amount of cross linker 
used. Therefore gels can be produced with a range of porosities for the analysis of different 
size polymer molecules. The chemical properties of the gel dictate what mobile phases they 
can be used in conjunction with, therefore compatibility with the mobile phase is 
imperative.1
The major classes of materials in general use are carbohydrate and composite gels, 
polymer gels, including polyacrylamide and polystyrene gels, and inorganic gels. The most 
common type of carbohydrate derived gels are based on dextran, a 1,6-a-linked polymer of 
glucose obtained by bacterial action on sucrose.1 These gels, because of the presence of 
hydroxyl groups, are hydrophilic and with certain compounds show non-steric (adsorption) 
retention factors, noticed as long retention times, greater than those for total permeation. 
Alkylation and acylation of the hydroxyl groups has produced efficient gels for the GPC of 
natural products such as amino acid derivatives.1» n »16 The main limitation of these gels is 
due to their soft nature and hence their inability to withstand relatively high pressures. In 
order to enhance their mechanical properties and allow use under higher pressures, 
composite gels of carbohydrates and vinyl monomers have been developed.1 They can 
withstand much higher pressures (up to 100 's psi) and are available in a range of porosities 
and selectivities, finding extensive use in protein fractionation.
Synthetic polymers such as polystyrene, polyacrylamide and polyvinyl alcohol have 
found widespread use as packing materials in GPC. It is necessary for these polymer 
packings to be highly cross linked and exhibit the correct porous nature to allow 
permeation of the solute molecules to take place. Cross linked polystyrene gels are formed 
by polymerisation of styrene in the presence of divinyl benzene (DVB). These gels barely 
swell in the presence of solvents and find many uses in GPC.1»17 Chlorinated solvents such 
as dichloromethane and chloroform and others e.g. dimethylformamide and tetrahydrofuran 
are recommended solvents, whilst more polar solvents such as water, alcohols and acetone 
can cause shrinkage of the gel and are usually avoided.1 Because of the excellent
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compatibilities of styrene/divinyl benzene gels with organic solvents they find widespread 
use in the analysis of organic polymers at high pressures.1- 17- 18 Polyacrylamide gels are 
extremely hydrophilic and have good compatibilities with aqueous solvents, organic acids 
and even mixtures of organic solvents and water. Polyacrylamide gels have found use in 
similar applications to the dextran type gels, in particular protein analysis.
Appropriate macro-porous materials for use in GPC can also be fabricated from 
inorganic materials such as silica. The inorganic properties of these structures allow 
excellent compatibilities with both organic and aqueous solvents and demonstrate good 
thermal and mechanical stabilities during gel permeation chromatography analysis.1- 8- 19 
Silicas, due to the polar nature of the silanol (Si-OH) group, can exhibit significant 
adsorption effects producing meaningless results. Chemical modification of the silanol 
group can be carried out, producing gels retaining the hydrophilic properties but reducing 
the adsorption effects associated with the unmodified gels.1- 20 Inorganic gels, such as 
modified silicas find use in the analysis of both polar and non-polar synthetic or natural 
polymers.1 8
The choice of column for GPC is dependent on the operating conditions, the physical 
and chemical properties of the solute under investigation and the mobile phase used for 
elution. In high pressure GPC, 'soft' gels that are mechanically weak i.e. carbohydrate gels, 
are of little or no use therefore harder silica or polymer based gels are used. The most 
important factor to be considered is the selection of a column packing material that has an 
appropriate pore size for the particular application. The manufacturers provide the 
fractionation range and approximate calibration for the respective packing materials. 
Compounds are best separated if the retention volumes fall in the middle of the 
fractionation range of the column.1 Clearly there has to be compatibility between the 
packing material and the solvent used, but this is governed by the type of solute used.
In GPC the mobile phase is limited to keeping the gel in a swollen state and the 
sample in solution. The solubility of the sample dictates the choice of mobile phase and 
this, in turn, determines the nature of the gel used. Compatibility of the mobile phase with 
the gel is particularly important as the latter's swelling and performance characteristics 
depend on this. If possible, a mobile phase of low viscosity, at the operational temperature, 
is preferred for good resolution.1 The choice of mobile phase is also determined by its
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compatibility with the detector(s) used. The solvent must allow differences to be detected 
between itself and from that of the solution of the solute in the mobile phase in the case of 
refractive index (RI) detection and not absorb in the critical region using utra-violet 
detection.
Adsorption between the packing material and the solute is a major problem 
associated with GPC.1’ 21 > 22 Modification of the mobile phase may be used to eliminate 
adsorption phenomena with a given gel. In order to suppress adsorption an increase in the 
ionic strength (0.5-1.0M) is commonly used by the addition of sodium, potassium, 
ammonium or tétraméthylammonium ions.23’ 24 These ions can be preferentially adsorbed 
onto specific sites on the gel and can also form ion paired complexes with charged solute 
molecules, hence reducing the amount of unwanted solute-gel interaction.25 Low pH can 
also be used to suppress the ionisation of various carboxylic functionalities and also 
eliminate possible adsorption mechanisms.25
GPC, as with liquid chromatography, requires the need for on-line detection so that 
qualitative and quantitative analysis can be carried out without having to collect and 
process the column effluents. There are a range of detectors that are available that rely on 
the change in bulk properties of the mobile phase, due to the presence of solute molecules. 
The most common types of bulk property detectors used in GPC are refractive index (RI) 
and ultra-violet (UV) detectors.
The refractive index of a medium is determined by the angle of refraction as light 
passes through one medium to another. The use of this principle in GPC and liquid 
chromatography detection is based on the fact that the refractive index of the mobile phase 
may be different from that of the mobile phase containing a solute, and the extent of the 
difference is proportional to the solute concentration. The differential refractometer (RI) 
sensitivity is dependent on the differences in the refractive indices of the reference (mobile 
phase) and the solution of the analyte in the mobile phase; the larger the difference, the 
more sensitive the detection. Refractive index detectors can only be used in conjunction 
with isocratic eluents.1
Most organic compounds, except saturated hydrocarbons, absorb to some degree in 
the ultra-violet. Strong absorption requires the presence of conjugated chromophores. 
Isolated carbonyls or alkene compounds have a finite, but weak, absorption in the ultra-
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violet and can be detected, albeit at low sensitivities. For high sensitivity detection it is 
required that the wavelength used is close to the maximum absorption wavelength of the 
analyte. This can be deduced from the ultra-violet spectrum of the analyte. The mobile 
phase can have an influence on the range of wavelengths available for selection, as certain 
solvents may absorb strongly in different regions of the ultra-violet spectrum.1
3.2.2 Application of Gel Permeation Chromatography to Pm/Mly Polymers
GPC contains a large number of interdependent variables which had to be applied to 
the analysis of PmzMly polymers to produce an efficient analytical method. The starting 
point for the GPC analysis involved the selection of an appropriate column that could meet 
the requirements of porosity and solute/solvent amenability. The solute, PmzMly (I),26’ 27 
contains a number of features that are critical in column (gel) selection.
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The phosphoryl choline headgroup contains both positive and negative charges 
(zwitterionic) and as a whole the polymer contains both hydrophobic and hydrophilic 
moieties (amphiphilic). PmzMly polymers, due to this hydrophobic/hydrophilic nature, are 
known to dissolve in solvents such as methanol, ethanol or chloroform and solvent blends 
of these types of solvent. Therefore the gel for analysis must be compatible with these
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types of solvents. Viscosity analysis had shown the molecular weights of various PmzMly 
polymers to be greater than 100,000,28 therefore this also had to be taken into account when 
selecting the type and porosity of the gel.
Asahipak® (Asahi Chemicals, Rhone Poulenc) produce a range of amphiphilic GPC 
columns for use in conjunction with both aqueous and organic eluents.29 The packing 
material consist of a vinyl alcohol co-polymer which is amenable to a wide range of 
analytes and solvents over a pH range of 2 - 9.29 The exclusion limit for the GSM700 
column is quoted at 10,000,000 for polystyrenes and proteins. From this information and 
specification the Asahipak GSM700 column was selected for the analysis of PmMl 
polymers.25
Pm/Mly polymers by their very design are very efficient at coating a large range of 
polymeric substrates, therefore in order to allow efficient GPC analysis no undesirable 
adsorption effects were required. This highlights the difficulty and importance associated 
with the selection of a suitable mobile phase. A method for the GPC analysis of phosphoryl 
choline containing polymers was not available but liquid chromatographic analysis on 
structurally similar phosporyl choline containing phospholipids have shown the presence of 
substantial adsorption effects.23» 24 The elimination of these effects was achieved by 
increasing the ionic strength of the mobile phase by the addition of tetralkylammonium 
phosphates, as ion-pairing reagents, to the mobile phase.23»24
Detection of the polymer post elution was another factor that had to be taken into 
account. PmzMly polymers contain no strongly absorbing chromophores and only show a 
relatively weak absorption at 254nm, making ultra-violet detection impractical. A version 
of PmMl was synthesised containing a low concentration of an anthracene containing 
monomer,28 (PmMl-QMA, Fig.3.3), which whilst retaining the physical and chemical 
properties of PmyMly, showed a much stronger absorbance at 254nm and therefore allowed 
a large increase in the sensitivity of ultra-violet detection of PmzMly polymers.
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Fig.3.3. Schematic representation of PmMl-QMA
Natural phospholipids such as phosphaditylcholine which are zwitterionic and 
amphiphatic, similar to PmzMly, but have a very different molecular size, have proved very 
difficult to detect in liquid chromatography techniques because of the lack of an ultra-violet 
chromophore and little refractive index activity. A technique recently applied for the 
detection of these types of molecules is the use of an evaporative light scattering detector 
(ELSD). This type of detector detects non-volatiles by the scattering of laser light by the 
residual particles left after evaporation of the mobile phase,30»31 Fig.3.4.
Mobile Phase Inlet
Nebuliser
LaserDetector
Exhaust
Fig.3.4 Evaporative light scattering detector.
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The principle of operation of the evaporative light scattering detector is that the 
column effluent is nebulised by a high velocity stream of carrier gas, usually nitrogen, 
which generates a thin mist. The mobile phase is then evaporated in the temperature 
controlled drift tube to form small particles of non-volatile material (solute). The carrier 
gas then carries the particles through the detection system, incorporating a laser light 
source and a photodetector. The amount of light scattered depends on the concentration of 
solute particles in the chamber.3031 One advantage of this detection principle compared to 
refractive index is that evaporative light scattering detectors can be used with gradient 
elutions as the detector is stripped of any baseline drift caused by changing composition of 
the mobile phase.31
Evaporative light scattering detectors find their main use in the chromatographic 
analysis of non ultra-violet absorbing molecules. Non chromophore containing species can 
be run in gradient elution or in ultra-violet opaque mobile phases.30 31 Liquid 
chromatography applications using evaporative light scattering detectors range from 
alkylbenzenes to glycerophospholipids, in a wide range of solvents.31 Phospholipids (PC, 
PE, PS, SM, Section 1.1.1) both neutral and charged have been successfully detected and 
analysed using VAREX evaporative light scattering detectors.32- 33>34- 35 GPC applications 
of evaporative light scattering detectors are less common, however a number of polymers 
including polystyrene and polyethylene glycols have been analysed.36 The drawbacks of 
the evaporative light scattering technique are:31
1. Solid mobile phase modifiers, such as tetralkylammonium phosphates (TAAP's) used in 
the ion pair methodology for phospholipid analysis,23-24 can not be used because they 
are non-volatile.
2. Relatively low levels of sensitivity are observed compared to ultra-violet methods.
3. Non linear response of the evaporative light scattering detection is found at high and 
low concentrations of solute.
4. Volatile compounds are difficult to detect because they are volatilised along with the 
solvent during the detection process.
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By the application of GPC to the Pm/Mly polymers it was possible to gain valuable 
information about their molecular weight distributions. The careful selection of column 
type and detection method was essential for the successful development of the analytical 
technique. The use of the Asahipak® amphiphatic column29 and the evaporative light 
scattering method of detection allowed molecular weight information to be gained. Prior to 
any information being gained from this method a great deal of work developing and 
optimising the analytical conditions, especially the mobile phase, was required. Once the 
experimental conditions were optimised then the technique was modified to carry out 
radio-gel permeation chromatography (radio-GPC) by the use of a radioactivity detector 
instead of an evaporative light scattering detector. Radio-GPC applied to the [3H]-PmzMly 
polymers allowed the distribution of the radioactivity to be determined. This information 
led to an estimate of the radio-chemical purities of the [3H]-PmzMly polymers. Any 
radioactive impurities could be observed separately from the main polymer signal, Fig.3.5.
main polymer peak
Radioactivity
Lower mol. wt. impurities
Time
Fig.3.5 Representation of a radio-gel permeation chromatogram showing lower molecular 
weight impurities
This radio-chemical purity information was essential for the use of the polymers in 
surface stability studies as they were required to be radiochemically pure. 3H-NMR 
spectroscopy shows the location of the radioactivity in the polymers but can not produce 
radiochemical purity data as species such as labelled monomer or decompositon products 
may give equivalent 3H-NMR chemical shifts. However it is important to note that the 
estimates of the radiochemical purities of the polymers are only as good as the level of
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sensitivity of the technique. A radio-GPC method was the only method that allows this 
radiochemical purity information to be obtained.
120
3.3 Experimental
Initially the GPC was carried out using a PmzMly polymer which contained a small 
amount of an ultra-violet absorbing monomer, (PmMl-QMA),28 using refractive index and 
more importantly ultra-violet detection to give an idea of the response of the system. A 
schematic diagram of the apparatus is shown in Fig.3.6 and the initial operating conditions 
are shown in Table 3.1.
Detector
Data handling system
Guard
column
GPC column
Solvent reservoir
Pump
Fig.3.6 Schematic diagram of the GPC apparatus
Experimental variable Conditions
Guard column Asahipak GS1G Guard Column (Rhone Poulenc)
Analytical column Asahipak GSM 700 Column (Rhone Poulenc)
Mobile phase ChlorofomuEthanol 1:1 v/v
Solvent delivery system 'Waters' 600E
Flow rate 1.0 ml/min
Detectors 1 Refractive index (Waters 410) detector
Detector 2 Ultra violet (Waters 486 UV) detector (254nm)
Sample concentration 0 .1% w/v
Sample size 20 pi
Table 3.1 Operating conditions for the initial GPC experiments
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This methodology proved unsuccessful for the analysis of the PmMl-QMA polymer 
(Section 3.6) and in order to improve the GPC method changes in the detection of the 
polymer and the mobile phase composition were made.
A VAREX evaporative light scattering detector (ELSD) was incorporated instead of 
the refractive index detector and connected in series with the ultra-violet detector (the latter 
detector first). Before the evaporative light scattering detector could be applied to the 
PmMl-QMA polymer the experimental conditions for the detector had to be optimised. 
This optimisation was carried out using a 0.1% w/v sample of a 25,000 molecular weight 
polyethylene oxide standard in a mobile phase of chloroform:ethanol (1:1 (v/v)). The 
optimised conditions were those that gave the maximum signal to noise ratio from the 
polyethylene oxide analysis. These conditions are shown in Table 3.2.
Variable Conditions
Nebuliser Gas Nitrogen
Nebuliser Gas Pressure 80 psi
Nebuliser Gas Flow Rate 2.00 litres per min
Drift Tube Temperature 95°C
Table 3.2 Optimised experimental conditions for the VAREX evaporative light scattering 
detector
The response of the GPC system was as expected with the polyethylene oxide 
polymers but the PmMl-QMA polymer gave complex chromatograms. In order to eliminate 
this the mobile phase was then adjusted by increasing its ionic strength whilst observing 
the effect on a PmMl-QMA signal. The ionic strength was increased by the separate 
additions of small quantities of: tetrabutylammonium phosphate (0.25 g/1), water (4% 
(v/v)) and trifluoroacetic acid (0.1% (v/v)), to the mobile phase. Tetrabutylammonium 
phosphate because of its non-volatile nature could only be used in conjunction with the 
ultra-violet detector but showed no effect on the resulting chromatogram. Trifluoroacetic 
acid was shown to give the best results for the PmMl-QMA polymers (Section 3.6). The 
mobile phase was then further adjusted by variation of the ratio of chloroform:ethanol from
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30:70 (v/v) through to 70:30 (v/v). All ratios of chloroform:ethanol contained 
trifluoroacetic acid (0.1% v/v). Based on these observations the optimised analytical 
conditions were set-up as shown in Table 3.3.
Condition Variable
Analytical column Asahipak GSM 700 (500x7.6mm) Column (Rhone Poulenc)
Guard column Asahipak GS1G Guard Column (Rhone Poulenc)
Mobile Phase 40 parts Chloroform (Romil 'SpS' HPLC Grade)
60 parts Ethanol (Romil 'SpS' HPLC Grade)
0.1% (v/v) Trifluoroacetic acid (Aldrich Photometric Grade)
Solvent delivery system Waters 600E
Flow Rate: 1.25 ml/min
Helium sparge rate 20 ml/min
Operating Pressure 710 psi
Sample size 20 pi
Sample Concentration approximately 0.5% w/w
Waters 486 ultra violet X = 254 nm
detector
VAREX Evaporative Nebuliser Gas: Nitrogen
Light Scattering Detector Nebuliser Gas Pressure: 80 psi
(Mark III)
Nebuliser Gas Flow Rate: 2.0 litres per min 
Drift Tube Temperature: 95°C
Table 3.3 Operating method for GPC analysis of PmMl2 and PmMl4 polymers.
The calibration of the GPC system was carried out using the experimental conditions 
summarised in Table 3.3 by the analysis of a range of known molecular weight 
polyethylene oxide standards. These standards ranged from molecular weights of 10,300 -
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545,000, Table 3.4. The signals were analysed using the evaporative light scattering 
detector and the retention times analysed using the 'Water's' Baseline 815 software. The 
results are shown in Table 3.6.
Calibration standards
Polyethylene Oxides (Polymer Laboratories) 10300 - 545000 Molecular Weight
Detector VAREX Evaporative Light Scattering
Detector (Mark III)
Standard Concentration 0 .1% (w/v)
Table 3.4 Conditions for the analysis of the calibration standards
After the optimisation of all of the experimental parameters and calibration of the 
system using the polyethylene oxide standards, the method was applied to investigate 
various batches of PmMl2, PmzMlyMly^ and PmMl4 polymers. The results for the estimates 
of average molecular weights and the spread of molecular weights (polydispersity) are 
shown in Table 3.7.
3.3.1 Radio-Gel Permeation Chromatography Studies.
The method of analysis of the PmzMly polymers was initially developed to investigate 
the radio-labelled PmzMly versions. In order to carry out this radio-GPC analysis, several 
modifications to the system had to be made by the incorporation of a radioactivity detector 
and a source of liquid scintillant, Fig.3.7.4
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Fig.3.7 Schematic diagram of the radio-GPC set-up.
The hardware for the radio-GPC was different from that used in the original GPC 
results, so a sample of PmMl-QMA was analysed on this apparatus. An ultra-violet 
detector was used instead of a radioactivity detector, to confirm the response of the system. 
Once this confirmation was obtained samples of the radio-labelled polymers were analysed 
using the operating conditions as outlined in Table 3.5. The results obtained from the radio- 
GPC studies are shown in Fig.3.14 - 3.20 and summarised in Table 3.8.
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Condition Variable
Analytical column Asahipak GSM 700 (500x7.6mm) Column (Rhone Poulenc)
Guard column Asahipak GS1G Guard Column (Rhone Poulenc)
Mobile Phase 40 parts Chloroform (Romil 'SpS' HPLC Grade)
60 parts Ethanol (Romil 'SpS' HPLC Grade)
0.1% (v/v) Trifluoroacetic acid (Aldrich Photometric Grade)
Solvent delivery system Waters 510
Flow Rate: 1.2 ml/min
Helium sparge rate low
Operating Pressure 1000 psi
Sample size 20 pi
Sample radioactivity 200 KBq -1 MBq
Radioactivity detector Nuclear Enterprises Isoflol
Cell type Type 2 Teflon coil flow cell (LSC cell, NE 233)
High voltage setting 1.4 KV
Liquid scintillant Unisolve E (flow rate = 3.0 ml/min)
Data handling system 'Water's' 'Millennium 2010 Ver.2' GPC program
Table 3.5 Operating conditions for the radio-GPC of radio-labelled PmMl polymers.
The standard procedure for the radio-GPC analysis of the radioactive polymers was 
as follows:
1. The solvent delivery pump was started and allowed to flush through the system for 30 
minutes.
2. The 'Millennium 2010 Ver.2' gel permeation chromatography program was started on 
the computer and set-up for the radioactivity detector
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3. The liquid scintillant pump was turned on (3 ml/min) and the baseline from the radio 
detector monitored. When the background was flat and low <20mV the system was 
ready to run the samples.
4. A sample run of 20 minutes was selected.
5. A sample of of [3H]-PmMl2 ( 1 - 5  MBq) (25 - 130 pCi) in absolute ethanol (0.25 ml) 
was prepared and 20 pi of the solution injected into the injection loop with the injector 
in the load position. The loop was then opened to the injection position and the 
injection button pressed to start the data acquisition.
6 . After 2 minutes the injector was returned to the load position and the injection syringe 
removed and cleaned.
7. Once collected all the data was analysed using the 'Millennium 2010 Ver.2' GPC 
software.
In order to estimate the limits of detection of the radio-GPC technique various 
amounts of [3H]-dodecan-l-ol were added to a standard sample of [3H]-polymer ([3H]- 
PmMl^, previously PmMlgMly). The radioactivity of the [3H]-dodecan-l-ol portions were 
measured using liquid scintillation counting and the [3H]-dodecan-1 -ol/[3H]-polymer 
samples analysed using the technique outlined in Table 3.5. Samples containing 4%, 2% 
and 1% [3H]-dodecan-l-ol were analysed and the results shown in Fig.3.21.
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3.4 Results and Discussion
The initial results using PmMl-QMA under the conditions outlined in Table 3.1 
produced chromatograms that were very difficult to interpret. This was because the 
refractive index detector proved of little use and the ultra-violet detector showed very low 
sensitivity and lack of reproducibility, producing chromatograms with multiple peaks and 
long retention times, as illustrated in Fig 3.9.
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Retention Time (xlO 1 minutes)
Fig.3.9 Typical chromatogram using the initial experimental conditions (Table 3.1)
128
The VAREX evaporative light scattering detector allowed improved detection of the 
polymer and more reproducible results to be obtained, as expected by the reported 
detection of natural phospholipids in liquid chromatography.23’ 24 However these 
chromatograms still showed multiple peaks and some at retention times greater than that 
for total permeation (Section 3.2). These results indicated that some type of adsorption 
process was occuring between the polymers and the column (gel). Adsorption between the 
solute and the gel is known to be a major problem in GPC1’ 7>8 and was probably occurring 
with the Pm/Mly polymers and the polyvinyl alcohol gel, Fig.3.10.
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Fig.3.10 Adsorption of PmzMly polymers with the gel
These GPC results show many similarities to liquid chromatography results on 
natural phospholipids using macroporous polystyrene columns, namely low detector 
sensitivity and long retention times.23 The elimination of the adsorption involved 
increasing the ionic strength of the mobile phase using tetraalkylammonium phosphates.23 
24 By application of tetrabutylammonium phosphate to the mobile phase in the analysis of 
PmMl-QMA no reduction of the adsorption was observed under ultra-violet detection. 
Solid salts such as tetrabutylammonium phosphate however can not be used in conjunction 
with evaporative light scattering detection.30’31
The addition of trifluoroacetic acid (0.1% v/v) had a significant effect on the elution 
and detection of the PmMl-QMA polymer. The resulting chromatographs typified by 
Fig.3.11, showed a much clearer molecular weight distribution at shorter retention times 
without the complications of multiple signals and a significant increase (approximately ten 
fold) in the sensitivity of the evaporative light scattering detector.
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Fig.3.11 Typical gel permeation chromatogram using trifluoroacetic acid (0.1% v/v) in the 
mobile phase.
These results illustrated the suppression of the factors that governed the adsorption of 
PmMl-QMA to the gel. The reason for this suppression was probably due to the ability of 
the trifluoroacetic acid to preferentially interact with the adsorption sites (-OH groups) on 
the cross linked polyvinyl alcohol gel and allow exclusively GPC to occur. Acetic acid has 
been reported to eliminate the adsorption of cationic polymers on carbohydrate derived 
gels by the suppression of the ionisation of the carbonyl groups on the gel matrix.25 37 It has 
been suggested that acetic acid, pyridine and phenol have the ability to decrease adsorption 
on gels containing hydroxyl groups, such as polyvinyl alcohol, and gels containing small 
amounts of carbonyl groups.25-38 Trifluoroacetic acid may have some effect on the polymer 
itself, more precisely on the headgroup by causing protonation of the phosphate group and 
subsequent ion-pairing of the phosphoryl choline head group with the trifluoroacetic acid, 
Fig.3.12. This may further lead to the minimisation of adsorption effects, in a similar way 
to ion-pairing tetraalkylammonium phosphate reagents.23-24
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Fig.3.12 Ion-pairing between trifluoroacetic acid and phosphoryl choline headgroup.
An increase in the sensitivity of the PmzMly signals was also observed when the 
ethanol fraction of the mobile phase was increased, with the maximum signal to noise ratio 
being between 60-70% ethanol, however no effect on the retention time was observed. An 
explanation for this effect could be due to the orientation of the PmzMly polymers in the 
more polar solution, or by the further decrease of any residual solute adsorption. A mobile 
phase of 60:40 (v/v) ,ethanolichloroform, (+0 .1% (v/v) trifluoroacetic acid) was selected 
for the GPC of PmzMly polymers on solubility grounds, as at higher ethanol content the 
reduced solubility of the polymer becomes a problem.
For the calibration of GPC systems polystyrene standards are the most commonly 
used, however they are not applicable in this case because of their lack of solubility in the 
mobile phase. Polyethylene oxides are soluble in the mobile phase and were therefore used 
as a calibration source. A series of polyethylene oxide standards ranging from molecular 
weights of 10300 to 545000 were analysed. The retention times from the evaporative light 
scattering detector, shown in Table 3.6, were taken and plotted as log10 Molecular weight 
against retention time to give the calibration curve using the Waters Baseline 815 
software.15
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Retention time (mins.) Specified mol. wt.
7.72 545000
8.10 293000
8.21 160000
8.34 97400
8.57 64500
9.03 32500
9.67 10300
Table 3.6 Calibration using polyethylene oxide standards.
6 . OO -
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Retention Time (mins.) 
Fig.3.13 Calibration curve for the polyethylene oxide standards
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The experimental data from the polyethylene oxide standards show an excellent 
correlation with the polystyrene standards quoted for the column in the technical 
literature.29
Various PmzMly and PmzMlyMly^ polymers were investigated using the gel 
permeation method and from the calibration data, information on the molecular weight 
distributions of the polymers could be estimated, Table 3.7.
Polymer Batch No. Calc. Av. Mol.Weight Polydispersity
PmMl2 126BB/45/2/1 75500 4.37
PmMl2 1000-003 50600 5.40
PmMl2 74BB/77/1 104900 4.54
PmMl2 17BB/112 217800 5.57
PmMl! 6 74BB/77/1 126660 7.25
PmMlMly 107BB/49 95000 6.68
PmMlgMly 107BB/43 76300 5.52
PmMlgMly 107BB/41 175200 4.29
Pn^MlgMly 107BB/43 110700 6.25
PmMl2Mly2 74BB/49 241300 4.39
PmMl^ 1001 -003 109400 5.40
PmMl2QMA 129BB/31 206400 5.17
Table 3.7 GPC analysis of PmzMly and PmzMlyMly^ polymers.
The molecular weight estimates for the PmzMly polymers are in reasonable agreement 
with the data from viscosity measurements.28 Recently Biocompatibles Ltd have developed 
this method and it has become the basis for the characterisation of batches of PmzMly 
polymer.28
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3.4.1 Radio-Gel Permeation Chromatography Analysis of [3H]-PmzMly Polymers
The results obtained from the radio-GPC analysis of the [3H]-labelled compounds are 
shown in Figs. 3.14 - 3.20.
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Fig.3.14 Analysis of [3H]-PmMl] g by radio-GPC.
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Fig.3.15 Analysis of [3H]-PmMl2 (Pni2Ml3Mly) by radio-GPC.
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Fig.3.16 Analysis of pHj-PmMf* (PmMlgMly) by radio-GPC.
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Fig.3.17 Analysis of pHj-PmMl^ by radio-GPC.
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Fig.3.18 Analysis of [3H]-PmMl2  low mol. wt. by radio-GPC.
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Fig.3.19 Analysis of [3H]-dodecan-l-ol by radio-GPC.
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Fig.3.20 Analysis o f [14C]-PmMl2 by radio-GPC.
137
A summary of the retention times and analysis of the radiochemical purities of the 
labelled polymers is shown in Table 3.8.
pH]-compound Retention
time
Start time 
(mins.)
End time 
(mins.)
% of
radioactivity
Fig.
number
[3H]-PmMlli6 8.16 mins 7.02 11.22 94% Fig.3.14
If 11.50 11.24 12.36 6%
pH]-PmMl2
(Pn^MlgMly)
8.14 7.04 11.36 100% Fig.3.15
pH]-PmMl4
(PmMlgMly)
7.42 6.40 11.04 100% Fig.3.16
pH]-PmMl4
(PmMl2Mly2)
8.06 6.48 10.40 100% Fig.3.17
pH]-PmMl2 low 
mol. wt.
8.80 7.48 11.81 100% Fig.3.18
pH]-dodecan-1 -ol 11.58 11.12 13.04 100% Fig.3.19
[14C]-PmMl2 8.22 7.00 9.56 83.0% Fig.3.20
11.00 10.32 11.24 8.5%
13.20 12.48 13.52 8.5%
Table 3.8. Radiochemical purities of the labelled polymers.
The results from the analysis of the pH]-polymers by radio-GPC are identical to 
those obtained from the GPC analysis of the non-radioactive polymers. This indicates that 
the molecular weights of the polymers are unaffected by the labelling procedure and that 
there is a completely random distribution of the 3H label throughout the molecular weight 
distribution of the polymer. Otherwise if selective tritiation had occurred then a higher or 
lower amount of label would have been observed in either the lower or higher molecular 
weight range, giving an uneven radioactive molecular weight distribution.
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The detection limit for the radio-GPC technique is a critical factor, as the 
determination of the radiochemical purity of the labelled polymers was of major interest. 
The results from the addition of small radioactive quantities of [3H]-dodecanol to [3H]- 
PmMlj, Figs.3.21, show that the limit of detection is around 2% [3H]-dodecanol. At lower 
levels it becomes impossible to detect the [3H]-dodecanol signal from the baseline. The 
comparative integral of the signals from the radio-GPC analysis of the [3H]- 
dodecanol/[3H]-PmMl4 samples are in excellent agreement with the radioactivity ratios of 
the [3H]-dodecanol:[3H]-PmMl4 samples from liquid scintillation counting. This fact 
illustrates the validity of the results obtained from the radio-GPC method.
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Fig.3.21 Dection limit of the radio-GPC technique.
There are very little or no impurities associated with the [3H]-PmMl2 and PmMl4 
polymers. In the case of the initial tritiated material ([3H]-PmMl i 6) an impurity of 
approximately 6% was observed. This corresponds to a molecular weight smaller than that 
of the polymer, and similar to that of the dodecanol. This impurity could be either labelled 
monomer ([3H]-dodecan-1 -ol) or more likely a decomposition product from the [3H]- 
PmMlj 6, as when analysed the sample of [3H]-PmMl1<6 was approximately 12 months old.
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The later batches of tritiated polymers do not show any detectable impurities and show 
radiochemical purities of greater than 98%.
The analysis of the [14C]-PmMl228 showed three signals. The major signal 
corresponds to the polymer itself, the others could correspond to the homopolymer of the 
[14C]-phosphoryl choline containing monomer or other possible decomposition products 
through radiolysis of the 24 month old sample.
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3.7 Conclusions and Further Work.
The development of the GPC method has allowed molecular weight information to 
be gained that was previously unavailable for the PmzMly polymers. Its application to the 
radio-labelled PmzMly polymers has made it possible to estimate the radiochemical purities 
of the polymers and confirmed that the 3H label is distributed throughout the molecular 
weight range of the polymers.39 This information was essential tcTknow as in the surface 
stability studies (Chapter 4) radiochemically pure material was required in order not to 
complicate the interpretation of the results. The [3H]-polymers are shown to have 
radiochemical purities greater than 98%, confirming the observation that very little or no 
radiochemical impurities were detected by 3H-NMR spectroscopy (Section 2.6). However 
detectable amounts of radiochemical impurities are observed in the aged samples, this is 
most likely due to the self radiolysis of the polymers.
Before this GPC method could be applied as an analytical tool for characterising 
batches of PmzMly polymers a complete validation of the method would be required. A 
validation of this type would have to include studies on the accuracy and reproducibility of 
the method. A calibration procedure incorporating a set of standards more structurally 
similar to the PmzMly polymers would be desirable, e.g. polymethyl methacrylate, as well 
as covering a larger molecular weight range e.g. from molecular weights from 1,000 -
1,000,000. This work has since been carried out by Biocompatibles Ltd.28
141
3.6 References
1 B. Ravindrath, "Principles and Practice o f Chromatography", Ellis Horwood Ltd., 
London, (1989)
2 j. M. G. Cowie, "Polymers: Chemistry and Physics o f  Modern Materials", Chapman 
and Hall, London, (1991)
3 M. P. Stevens, "Polymer Chemistry. An Introduction", Oxford University Press, 
(1990)
4 W. J. Lockley in, "Isotopes: Essential Chemistry and applications IF', Ed., J. R.
Jones, Royal Soc. Chem., London, (1988)
5 R. J. Diamond, J. R. Jones and W. W. Wright, Eur. Polym. J., 22, 601, (1986)
6 J. C. Russell, J. R. Jones, T. A. Vick and P. W. Stratford, J. Labelled. Comp. 
Radiopharm., 33, 957, (1993)
7 J. Janca, in "Liquid Chromatography o f Polymers", Ed. J. Cazes, Chromatographic 
Science Series, 25, Marcel Dekker (1984)
8 J. V. Dawkins, in "Liquid Chromatography o f Polymers and Related Materials IF', 
Ed. J. Cazes, Chromatographic Science Series, 13, Marcel Dekker (1980)
9 J. C. Moore, in "Liquid Chromatography o f Polymers and Related Materials", Ed. J. 
Cazes, Chromatographic Science Series, 8 , Marcel Dekker (1980)
10 M. R. Ambler and R. D. Mato, in "Liquid Chromatography o f Polymers and Related 
Materials", Ed. J. Cazes, Chromatographic Science Series, 3, Marcel Dekker (1977)
11 W. Yau, J. J. Kirkland and D. D. Ely, "Modern Size Exclusion Chromatography", J. 
Wiley, New York, (1979)
12 H. Benoit, A. Grabisiz, P. Rempp, D. Dekker, J. G. Zilliox, J. Chem. Phys., 63, 1507, 
(1966)
142
13 j. Lesec, in "Liquid Chromatography o f Polymers and Related Materials IF, Ed. J. 
Cazes, Chromatographic Science Series, 13, Marcel Dekker (1980)
14 A. Grabisiz, P. Rempp and H. Benoit, Polym. Lett., 5, 753, (1967)
is Maxima/Baseline, GPC Option, Operators Manual, Millipore, Manual No. 34855,
2nd Ed. (Dec 1989)
16 S. Raymond and W. J. Wang, Anal. Biochem., 1, 391, (1960)
17 S. Mori, Anal. Chem., 50, 745, (1978)
is e . C. Conrad, B. A. Bidlingmeyer and K. E. Allen, "Medical Device Diagnostic Ind.
Part", 7, 124,(1985)
19 R. E. Majors, J. Chromatogr. Set, 15, 334, (1977)
20 E. Pfannkoch, K. C. Lee, F. E. Reigner and H. G. Booth, J. Chromatogr. Set, 18,
430,(1980)
21 J. J. C. Janson, J. Chromatogr., 28, 12, (1967)
22 H. G. Booth, J. Chromatogr. Set, 18, 409, (1980)
23 S. L. Abidi and T. L.Mount, J. Chromatogr., 598, 209, (1992)
24 S. L. Abidi, J. Chromatogr., 587, 193, (1991)
25 Y. Kato and T. Hashimoto, J. Chromatogr., 235, 539, (1982)
26 R. W. J. Bowers, S. A. Jones, P. W. Stratford, S. A. Charles, Patent 
PCT/GB92/01215 (1991)
27 T. Ueda, H. Oshida, K. Kurita, K. Ishihara and N. Nakabayashi, Polym. J. Jpn., 24, 
1259,(1992)
28 Biocompatibles Ltd., Unpublished Results
143
29 Asahipak Techical Data Sheet No. 21, Asahi Chemicals.
so p. p . Stockwell and B. W. King, International Chromatogr. Lab., 7, 5, (1991)
31 A. Stolynwo, H. Colin and G. Guiochin, J  Chromatogr., 265, 1, (1983)
32 B. S. Lutzhe and J. M. Braughler, J. Lipid Res., 31, 2127, (1990)
33 j. y . Amari, P. R. Brown and J. G. Turcotte, Am. Lab., 24, 23, (1992)
34 j. y . Amari, P. R. Brown and J. G. Turcotte, Am. Lab., 24, 26, (1992)
35 W. S. Letter, J. Liq. Chromatogr.,15, 253, (1992)
36 VAREX Technical Literature, (ELSD 0009 and 0029), VAREX Corporation, 
Burtonsville U.S.
37 D. Eaker and J. Porath, Separ. Sci., 2, 507, (1967)
38 B. Stenland, Advanced Chromatogr., 14, 37, (1976)
39 j. c. Russell, J. R. Jones, T. A. Vick and P. W. Stratford, in "Synthesis and 
Applications o f Isotopically Labelled Compounds", Proc. 5th Int. Symp, Eds. J. Allen 
andR. Voges, 149 (1995)
Chapter 4
Stability Studies on [3H]-Pm/Mly Coated Surfaces
4.1 Introduction 146
4.1.1 Stability Studies on Phosphoryl Choline Containing Compounds 147
4.2 Experimental 149
4.2.1 Coating of the [3H]-PmzMly Polymers 149
4.2.2 Radiochemical Leaching Studies 151
4.2.3 Incubation of the [3H]-PmzMly Coated Surfaces 151
4.3 Results 155
4.3.1 Leaching Results for pH]-PmMl2 Coated Surfaces 156
4.3.2 Leaching Results for pH]-PmMl16 Coated Surfaces 162
4.3.3 Leaching Results for pH]-PmMl4 Coated Surfaces 163
145
4.3.4 Leaching Results for [14C]-PmMl2 Coated Surfaces 163
4.3.5 Coating Efficiencies of the [3H]-PmzMly Polymers 164
4.4 Discussion 165
4.5 Conclusions and Further Work 169
4.6 References 170
146
4.1 Introduction
The radioisotope tracer technique finds use in all disciplines within the life 
sciences. The principle of the technique is to take a radioactive analogue of the compound 
of interest and then by following the radioactivity, trace the path or fate of the labelled 
molecule during any process be it chemical reaction, biological metabolism or 
distribution.1’ 2 The main advantage of the radioisotope tracer technique is the high 
sensitivity of the method. Tritium labelled compounds are ideal for use in these types of 
experiment due to the physical properties of the tritium nucleus.1
The use of tritiated compounds can either be as a tracer for hydrogen or as an 
auxiliary tracer for carbon.1 In any tracer application it is imperative that the compounds 
used are of high radiochemical purity, or at least that the compound under investigation 
contains no radiochemical impurities that could affect the interpretation of the 
experimental results.
Tritium has been extensively used as a tracer for hydrogen in the study of reaction 
mechanisms and kinetics and this area has been thoroughly reviewed.1 Tritium, as a 
tracer, is ideal for following reactions that involve the migration of hydrogen (or tritium) 
from one molecule to another, for example intermolecular hydrogen transfer reactions,1 
and in a similar way intramolecular transfer reactions have been investigated.1 Tritium, as 
tritiated water, has been used as a tracer in ground water studies within oil fields and in 
agricultural studies on the uptake of water by plants.1
Biological uses of tritium are concentrated around the study of metabolic and 
biosynthetic pathways and again these have been thoroughly reviewed.1’ 3 As with the 
chemical uses described the position and lability of the tritium is critical to the 
effectiveness of the technique.1 In biological applications however some chemically 
stable tritium sites may become labile due to enzymatic reactions at specific positions in 
the molecule.1
The pharmaceutical industry has become one of the largest areas of tritium 
labelling research in recent times because of the need to evaluate drug performance.
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Before any drug can be accepted an exact knowledge of its metabolism (especially its 
distribution, turnover and excretion) is required by the licensing authorities. Information 
as to whether a drug is metabolised slowly or rapidly can serve as the basis for 
establishing dosage schedules for its initial clinical evaluations. Such detailed information 
on new (and established drugs) is usually best obtained by tracer experiments.1 More 
recently in pharmaceutical research controlled release drug delivery systems have become 
an area of considerable interest.4 These are essentially materials such as polymeric 
hydrogels (Section 1.2) that allow drugs to be released to specific areas of the body at a 
controlled rate over a set period of time. This is yet another example of how the tritium 
tracer technique can be applied, as the rate of release of tritiated drugs from polymeric 
hydrogel structures has been followed, allowing invaluable information to be gained 
linking substrate structure to drug release rates.4* 5> 6
4.1.1 Stability Studies on Phosphoryl Choline Containing Polymers.
Phosphoryl choline containing polymers can either be chemically bonded 
(grafted) to the substrate7*8 or coated from solution onto the substrate leading to adsorbed 
polymer layers.9*10 The latter method, as used for the coating of PmzMly polymers, is easy 
to carry out and is applicable to a large range of different substrates. The major 
consideration to be taken into account with this coating technique is how stable the 
adsorbed layers are and to what extent, if any, they are removed when placed in contact 
with various solutions. Therefore the performance of the coating has to be monitored as a 
function of time, to determine its stability. The phosphoryl choline coatings are not 
designed to be removed when brought into contact with a biological fluid, that is they 
should not become'bioavailable'.
In order to test the stability of the [3H]-PmzMly polymers they must first be coated 
onto a suitable substrate surface. The total amount of polymer coated could then be 
determined by completely stripping the coated layer and counting the amount of 
radioactivity as this directly relates to the amount of PmzMly polymer. These [3H]-PmzMly
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surfaces could then be incubated in solutions of varying pH and temperature. Initially all 
of the radioactivity is present on the substrate surface. At various time intervals 
scintillation counting of aliquots of the incubation solution will enable the amount of 
radioactivity lost (leached) to be determined and thereby the amount of polymer lost from 
the surface. The use of radiolabelled polymers enables absolute amounts of Pm,Mly 
polymers to be determined as ultra-violet spectroscopy is not applicable because they do 
not have a suitable chromophore. Therefore radio-labelling of the polymer provides a 
solution to the problem. The tracer technique provides sufficient sensitivity to monitor the 
coatings stability as well as allowing the total coating levels to be calculated by reference 
to the specific activity of the coating solution. Radioisotope tracer methods have been 
used on previous occasions to determine the surface stability of polymerised 
diacetylenicphosphatidylcholine (DAPC) (Section 1.1.1) .11 These results indicated the 
instability of this type of coating with removal values of around 10% being typical under 
flow conditions at 38°C.11 To improve the stability of phosphoryl choline coatings the 
production of Pmhfl^ type polymers was undertaken. These phosphoryl choline 
containing polymers demonstrated excellent haemocompatibility properties,9’ 10 although 
a method was not available for monitoring the stability of these coatings. Following the 
development of a technique for the tritium labelling of PmMl2 and its analogues12 as well 
as a technique to estimate the radio-chemical purities of these radio-labelled polymers,13 
the way became clear to evaluate the stability of these polymeric coatings. By coating a 
solution of PmMl2/[3H]-PmMl2 onto various surfaces the total amount of coating could 
be determined. Secondly by incubation of the [3H]-PmMl2 coated surfaces with solutions 
of differing pHs and temperatures, profiles of the coating stability with incubation 
condition could be produced.
These stability studies conducted on the PmzMly polymers were important to the 
future application of these polymers as it was essential to prove the stability of these 
coatings. In order to produce these types of results a reliable and reproducible coating and 
incubation technique was required.
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4.2 Experimental
[3H]-PmMl2 polymer coated surfaces were prepared by coating the polymer from 
solution onto the inner surface of narrow bore tubing, typically about 2 mm internal 
diameter. The substrates under investigation in these coating-leaching studies were 
polyvinyl chloride (PVC), polyethylene (PE) and silicone. The coating studies were 
carried out on the internal surface of tubing only, so that incubation studies could 
conveniently be studied, minimising handling problems and keeping accidental removal 
of the [3H]-PmMl2 polymer to a minimum. The polymers used in the coating incubation 
studies were [3H]-PmMli g, [3H]-PmMl2 (ex. Pm2MlgMly), [3H]-PmMl^ (ex 
PmMl2Mly2) and [14C]-PmMl2. The incubants used ranged from pH 1 to 14 at 
temperatures of 20°C, 40°C and 60°C. All the incubation measurements were carried out 
in duplicate.
4.2.1 Coating of the pHJ-Pm/Mly Polymers
A section of the substrate tubing (PVC, PE or silicone) was cut to a length of 30 
cm. A 'filler funnel' was inserted into either end of the tube to aid the injection of the 
coating solutions into the narrow bore tubing. The 'filler funnels' were simply constructed 
from 1ml disposable pipette tips, Fig.4.1.
The initial stage was to wash the inside of the tube with warm ethanol to remove 
anything that might hinder the coating of the polymer. This was earned out by injecting 
ethanol (300 pi) into the tube and immersing it in a water bath at 60°C, Fig.4.1. Whilst 
immersed in the water bath each end of the tube was moved up and down so that the 
warm ethanol came into contact with the whole of the inside of the tube, this was carried 
out for 1 minute. The ethanol was removed and the tube drained dry.
The second stage was to coat the tube with the tritiated polymer. A solution of 
[3H]-PmzMly polymer diluted with the corresponding non radioactive polymer e.g. PmMl2 
in the case of [3H]-PmMl2, was made up at a concentration of 10 mg/ml containing 
approximately 800 KBq of radioactivity dissolved in ethanol (100%). Then 400 pi of this
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solution was injected into the prewashed tube and the solution agitated to coat all of the 
tube, as in the washing procedure, in a water bath at 60°C for 1 minute, Fig. 4.1.
Filler funnels
Water bath
Substrate tubing (30cm)
Fig.4.1 Schematic diagram of the coating set-up
The excess coating solution was then transferred back to the bulk solution, and the 
tube dried by passing dry nitrogen through it.11
The substrates investigated in the radiochemical leaching studies were:- Polyvinyl 
chloride (PVC) 1.5 mm internal diameter (i.d.) (Portex®), polyethylene (PE) 1.8 mm i.d. 
(Portex®), and silicone 2.0 mm i.d. (Portex®). The [3H]-PmMl polymers used in the 
coating-leaching experiments were: pHJ-PmMli^, [3H]-PmMl2 (ex. Pm^MlgMly), [3H]- 
PmMl4 (ex. P m M ^M ^) and [^Cj-PmM^ . 11
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4.2.2 Radiochemical Leaching Studies
An important part of the leaching analysis was to determine the total amount of
the [3H]-PmzMly polymer coated tubes were flushed with 20 ml aliquots of 
ethanol/chloroform (1:1) to remove all of the coating. These aliquots were analysed using
of all the aliquots. After six washes, no more radioactivity was detected in the 20 ml 
portions of ethanol/chloroform, so it was assumed that all the radioactivity had been 
removed.
4.2.3. Incubation of the [3H]-Pm;Mly Coated Surfaces
The method of incubation involved sealing the two ends of the coated 30 cm 
substrate tubing incorporating a system that allowed aliquots of the incubant to be easily 
withdrawn in order to determine the rate of radiochemical leaching from the substrate 
surface. A disposable plastic incubation system was created, Fig. 4.2, which allowed 
these criteria to be fulfilled.
radioactivity that was coated onto the inner surface of the tubes. In order to carry this out
liquid scintillation counting and the total radioactivity deduced from the cumulative total
Silicone seal
Incubation system
Substrate 
full of incubant
Fig. 4.2 Schematic diagram of the incubation system.
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The incubation solution was injected into the system, without incorporating any 
air bubbles, so that it was in contact with the whole of the coated surface. Before the 
aliquots were removed from the system the incubant was circulated, to produce an even 
distribution of any removed radioactivity. Aliquots (100 pi) of incubant were removed at 
various time intervals over the ten day incubation period without affecting the coated 
surface. These 100 pi aliquots were analysed by liquid scintillation counting. During the 
counting of every set of aliquots, duplicate blanks containing solely liquid scintillant were 
counted to determine the background radioactivity. This average value of the background 
radioactivity was then used to correct the measured leaching results. At each stage the 
amount of removed radioactivity was added to that already removed to give the total 
radioactivity removed, expressed in disintegrations per minute (DPM).
i.e. At time tj the total removed radioactivity = TRRtj
= (measurement at tj - background measurement) x dilution factor
At time t2 the total removed radioactivity = TRRt2
= [(measurement at t2 - background measurement) x dilution factor] +
(TRRtj/dilution factor)
At time t% the total removed radioactivity = TRRt%
= [(measurement att% - background measurement) x dilution factor] + [(TRRtn _ % 
+  + TRRt(n _(n . ^p/dilution factor]
The silicone substrate had a larger internal diameter and hence volume and 
therefore a larger volume of incubant was required to fill the tubes during incubation. 
This caused the dilution factor, from the withdrawal of 100 pi of incubant, to be greater, 
Table 4.1.
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Substrate Total incubant vol. Aliquot removed Dilution factor
Polyvinyl chloride 1.0 ml 100 pi 1.0 ml/100  pi =10
Polyethylene 1.0 ml 100 pi 1.0 ml/100  pi =10
Silicone 1.5 ml 100 pi 1.5 ml/100 pi =15
Table 4.1 Incubant volumes and dilution factors for the various substrates studied.
After removal of the aliquot, the system was 'topped up' with 100 pi of the 
corresponding incubant to keep the volume of incubating solution the same throughout 
the experiment and hence keeping the dilution factor constant. Each combination of 
substrate and [3H]-PmzMly polymer was analysed in duplicate.
The different combinations of substrates and [3H]-PmzMly polymers are shown in 
Table 4.2 along with the various incubation conditions studied.
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Coating Substrate Temp. pH 7 pH 4 pH 9 KOH HCI
°C buffer buffer buffer (0.1M) (0.1M)
pH]-PmMlL6 PVC, PE 20 V V V V V
and 40 V V V V V
Silicone 60 V V V V V
pH]-PmMl2 PVC, PE 20 V V V X X
and 40 V V V X X
Silicone 60 V V V X X
pH]-PmMl4 PE 20 V V V V V
40 V V V V V
[14C]-PmMl2 PE 20 V V V V V
40 V V V V V
Table 4.2 Matrix of incubation experiments carried out
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4.3 Results
The total levels of [3H]-coating for the various polymers and substrates were 
deduced by the method in Section 4.2.2 and shown in Table 4.3. These levels were 
required in order to work out the percentage leaching of the polymers.
Coating Substrate Total radioactivity coated (DPM)
pH]-PmMlL6 PVC 1,000,000
It PE 1,500,000
It Silicone 950,000
[3H]-PmMl2 PVC 2 ,000,000
II PE 2 ,200,000
II Silicone 3,000,000
[3H]-PmMl4 PE 1,200,000
[14C]-PmMl2 PE 700,000
Table 4.3 Total radioactivity coated for the various substrates and [3H]-PmzMly polymers.
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4.3.1 Leaching Results for [3H]-PmMl2 Coated Surfaces
[3H]-PmMl2 was coated onto PVC, PE and silicone at the levels shown in Table
4.3 by the process described in Section 4.2.1. These surfaces were then incubated with 
solutions covering a pH range of 1 - 14 at temperatures of 20, 40 and 60°C. The results 
from these leaching studies were plotted as total radioactivity removed against time, up to 
10 days (14440 minutes). The graphs are illustrated in Figs.4.3 - 4.12. These types of 
leaching profiles were similar for all of the [3H]-coatings and substrates. The results for 
each combination of [3H]-polymer, pH and leaching temperature are summarised in 
Tables 4.4 - 4.7.
7
4
9
Fig.4.4 Leaching results from [3H]-PmMl2 coated PVC at 2O°C.
20000
18000
g  16000
Q
t  14000
1 12000 
% 10000
8000
(2 6000 
■8 4000
2000
2000 4000 6000 8000 10000 12000 14000 16000
Time (mins.)
To
tal
 R
ad
ioa
cti
vit
y 
Re
mo
ve
d 
(D
PM
) 
To
tal
 R
ad
ioa
cti
vit
y 
Re
mo
ve
d 
(D
PM
)
157
25000
20000
15000
10000
5000
2000 4000 6000 8000 10000 12000 14000 16000
pH 7
pH4
pH 9
Time (mins.)
.5 Leaching results from pH]-PmMl2 coated PVC at 40°C.
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Fig.4.6 Leaching results from [3H]-PmMl2  coated PVC at 60°C.
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Fig.4.7 Leaching results from coated polyethylene at 20°C (showing the
duplicate analysis and a mean value for the 2 coated tubes).
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Fig.4.8 Leaching results from [3H]-PmMl2 coated polyethylene at 40°C.
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.9 Leaching results from coated polyethylene at 60°C.
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Fig.4.10 Leaching results from [3H]-PmMl2 coated silicone at 20°C.
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.11 Leaching results from [3H]-PmMl2 coated silicone at 40°C.
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Fig.4.12 Leaching results from [3H]-PmMl2 coated silicone at 60°C.
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A summary of the results in Fig.4.4 - 4.12 is shown in Table 4.4. The figures 
indicate the percentage of the radioactivity leached from the surfaces after a 10 day 
period.
Coating Substrate Temp.
°C
pH 7 
buffer
pH 4 
buffer
pH 9 
buffer
pH]-PmMl2 PVC 20 0.8 0.9 0.9
tl U 40 0.9 1.1 1.0
t! 60 1.0 1.1 1.3
PE 20 0.5 0.5 0.6
It ft 40 0.6 0.7 0.7
II it 60 0.8 1.1 1.2
II Silicone 20 0.6 0.8 0.8
II it 40 0.6 1.0 1.0
II it 60 1.2 1.5 1.6
Table 4.4 Summary of the [3H]-PmMl2 leaching results (%).
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4.3.2 Leaching Results for [3H]-PmMlj 5 Coated Surfaces
A summary of the leaching results for the [3H]-PmMli g coated surfaces is shown 
in Table 4.5. The figures indicate the percentage of the radioactivity leached from the 
surfaces after a 10 day period.
Coating Substrate Temp.
°C
pH 7 
buffer
pH 4 
buffer
pH 9 
buffer
KOH
(0.1M)
HCI
(0.1M)
PVC 20 1.6 2.5 2.2 3.1 3.5
II ii 40 2.2 2.9 2.7 5.1 4.0
II H 60 5.5 7.0 8.0 12.0 12.5
II PE 20 0.9 1.8 2.0 2.9 2.8
II li 40 1.7 3.2 3.0 4.2 4.0
II 60 2.2 4.4 5.1 8.4 7.5
II Silicone 20 2.7 4.0 4.2 5.9 5.5
II 40 3.6 4.9 5.1 7.4 6.1
II II 60 7.7 11.5 10.1 14.7 16.5
Table 4.5 Summary of the pHJ-PmMlj g leaching results (%).
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4.3.3 Leaching Results for [3H]-PmMl4 Coated Surfaces
A summary of the leaching results for the [3H]-PmMl4 coated surfaces is shown 
in Table 4.6. The figures indicate the percentage of the radioactivity leached from the 
surfaces after a 10 day period.
Coating Substrate Temp. pH 7 pH 4 pH 9 KOH HCI
°C buffer buffer buffer (0.1M) (0.1M)
pH]-PmMl4 PE 20 1.0 1.6 1.8 2.9 3.0
ft ii 40 1.5 2.7 2.9 4.0 4.5
Table 4.6 Summary of the [3H]-PmMl4 leaching results (%).
4.3.4 Leaching Results for [14C]-PmMl2  Coated Surfaces
A summary of the leaching results for the [14C]-PmMl2 coated surfaces is shown 
in Table 4.7. The figures indicate the percentage of the radioactivity leached from the 
surfaces after a 10 day period.
Coating Substrate Temp. pH 7 pH 4 pH 9 KOH HCI
°C buffer buffer buffer (0.1M) (0.1M)
[14C]-PmMl2 PE 20 2.0 2.3 2.5 3.7 4.0
if II 40 4.0 5.2 5.6 7.1 7.8
Table 4.7 Summary of the [14C]-PmMl2 leaching results (%).
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4.3.5 Coating Efficiencies of the [3H]-Pm/Mly Polymers
The coating solutions all contained 10 mg/ml of polymer but they each contained 
different amounts of radioactivity. From a knowledge of the specific radioactivities of the 
coating solutions, the total level of radioactivity coated, Table 4.3, and the surface area of 
the substrate, the coating density for the polymers on the different substrates were 
calculated, Table 4.8.
Polymer Substrate Coating solution 
radioactivity (KBq)
Radioactivity 
coated (Bq)
Coating density 
(pg/cm2)
[3H]-PmMlL6 PVC 800 16667 15
II PE 750 25000 20
II Silicone 775 15833 10
pH]-PmMl2 PVC 1200 33333 19
II PE 850 36666 25
II Silicone 1500 50000 17
[3H]-PmMl4 PE 800 20000 15
[14C]-PmMl2 PE 700 11667 10
Table 4.8 Summary of the radioactive coating showing coating density of the polymers. 
N.B. 6 0 B q = l D P M
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4.4 Discussion
The radiochemical leaching results indicate that over the range of conditions used 
only a small proportion of the coating is actually removed. This amount removed varies 
between the different coatings and substrates, with a higher percentage of radioactivity 
being removed under the more demanding incubation conditions. The three different 
substrates possess different surface properties, polyethylene (PE) (1) and polyvinyl 
chloride (PVC) (2) are more hydrophobic than silicone (3).
CH2— C lTf 
(1)
n
'wvv—  CHC1—CH2- 
(2)
n
S i-O -S i-
(3)
n
The PmzMly polymers were thought to adsorb onto substrate surfaces via 
hydrophobic interactions between the acyl chains of the polymer and the substrate 
surface. The coating ability of [3H]-PmMl2 seems to indicate that a larger amount of the 
polymer is adsorbed by PE than silicone, under identical coating conditions (Table 4.4) 
(25pg/cm2 for PE and 17 pg/cm2 for silicone). This possibly indicates that the PmzMly 
polymers had a greater affinity for the more hydrophobic surfaces. From the leaching 
studies this also seemed to be the case, as the [3H]-PmMl2 polymers were shown to be 
more stable when coated onto the more hydrophobic substrates. Under the harshest 
incubation conditions, 60°C and pH 4 or 9 solution, the [3H]-PmMl2 coated surfaces did 
not show a significant amount of removal, PE - 1.2%, PVC - 1.3% and silicone - 1.6%. 
[3H]-PmMl2 was shown to have a radiochemical purity of greater than 98% by radio- 
GPC, Section 3.4.1. Therefore all of the leaching figures fell below the detection limit of 
the radio-GPC method. This suggests that the radioactivity lost from the coated surfaces 
may not be due to the [3H]-PmMl2 polymer leaching off the surfaces but to 'non- 
detectable' radioactive impurities associated with the polymer. The [3H]-PmMl2 coated 
surfaces were shown to be less stable under the more acidic and alkaline conditions and at 
elevated temperatures. Under these conditions the interactions between the [3H]-PmMl2
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and the substrate were more likely to be broken down. Degradation14 (thermal and 
hydrolytic) of the pHj-PmM^ polymer may have occurred, in turn leading to higher 
levels of radioactivity being lost from the surfaces. Radiolytic degradation1 of the [3H]- 
PmMl2 polymers under these conditions may also have led to increased levels of 
radioactivity having been leached from these surfaces. The [3H]-PmMl2 polymers at 
temperatures below approximately 40 - 45°C have an ordered 'crystalline' structure, above 
this temperature they undergo a phase transition and lose their ordered structure. The 
phase transition and the loss of the ordered structure of the [3H]-polymer, may contribute 
to the higher levels of polymer leached from the substrate surfaces at higher temperatures.
From the pHj-PmMIo results a series of trends can be deduced. In terms of the 
polymer substrate the quantity of radioactivity removed decreases in the following order
polyethylene < polyvinyl chloride < silicone.
In terms of the solution pH the percentage leaching decreases in the following sequence
pH 7 < pH 4 « pH 9 < KOH « HCI 
and for temperature the order is
20°C < 40°C < 60°C.
The same trends were apparent for the results obtained using [3H]-PmMl1 5. The 
most noticeable difference was the much higher levels of radioactivity lost from the [3H]- 
PmMlj 6 coated surfaces, Table 4.5. Radio-GPC analysis of [3H]-PmMl16 showed an 
impurity of 6% to be present, Section 3.4.1. The removal of this impurity during leaching 
studies may be partly responsible for the levels of radioactivity lost from these surfaces. 
By subtraction of the percentage of impurity (6%) from the leaching results for the [3H]- 
PmMlj 6 surfaces the results become more comparable to those obtained from the [3H]- 
PmMl2 surfaces. However under the most aggressive conditions on the silicone coated 
surfaces a proportion of the pHJ-PmM^ 6 polymer did appear to be removed. The results 
from the leaching studies on [3H]-PmMl4 coated surfaces are again slightly higher than 
those gained from the [3H]-PmMl2 coated surfaces. The trends associated with solution 
pH and temperature are adhered to. The reasons for radioactivity being leached from the
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[3H]-PmMlj 6 and surfaces were possibly due to the polymer being removed
and/or to factors such as thermal, hydrolytic and radiolytic degradation of the polymer. 
The [3H]-PmzMly polymers were all coated at approximately the same levels of 
radioactivity but each of the polymers possessed a different specific activity, Section 
2.5.5. pHJ-PmMlj g (26 mCi/mg) had a comparable specific activity to [3H]-PmMl4 (25 
mCi/mg), whilst [3H]-PmMl2 (13 mCi/mg) had a lower specific activity. Although the 
[3H]-polymers are very dilute once coated, this information could suggest that radiolytic 
degradation may be more likely to occur in [3H]-PmMli g and [3H]-PmMl4, because the 
radioactive sites are more concentrated than in [3H]-PmMl2. Radiolytic degradation could 
then have led to higher levels of radioactivity being removed from these surfaces, 
Fig.4.13.
Inactive polymer chains
Radioactive
polymer
Q Q Q O O Q O Q Q O O O O O O O O O
^yvMVMVM /
Substrate
Fig.4.13 Schematic diagram showing the concentration of the 3H sites on a coated 
surface.
The [14C]-PmMl2 polymer11 was used in order to follow the fate of the labelled 
phosphoryl choline headgroup. The results showed a higher removal rate than with the 
[3H]-polymers, although the removed radioactivity could be attributed to the 
radiochemical impurities associated with the [14C]-polymer (approximately 17 %). The 
presence of these levels of impurities plus possibly radiolytic decomposition of the [14C]- 
polymer, make interpretation of the stability results very difficult.
The leaching results demonstrate the stability of the PmzMly type polymers under a 
wide range of conditions. Further investigations by Biocompatibles Ltd., using the same 
batch of [3H]-PmMl2, on similar substrates but under flow conditions confirmed the
168
stability of the coated polymer.11’ 15 The Biocompatibles results showed that by counting 
the residues left after freeze drying the aliquots of incubant removed, lower levels of 
radioactivity were detected, leading to lower leaching results. The results for a variety of 
substrates, including PVC showed less than 0.01% leaching after a 24 hour period. These 
results indicated that the leachant contained radioactive volatiles that gave inflated 
leaching results.11 The presence of radioactive volatiles in the leachant would seem to 
indicate that radiolytic decomposition is occurring, causing a certain amount of 
radioactivity to be present in the aqueous incubant.11 This would explain why higher 
values were obtained when the whole of the aliquot was counted rather than just the 
residue left after freeze drying. A method for the recovery of the volatiles would be 
required to check exactly where the radioactivity is, although in practice this has not been 
easy to achieve. Regardless of the problem of radiolytic decomposition and the leaching 
method, only a small amount of the polymer was shown to be removed.15
These PmMl2 polymers are designed to coat medical devices, such as catheters, 
and larger extra corporeal circuits for re-routing the blood outside the body during 
surgical procedures. The results gained from the leaching studies of the radioactive 
polymers can be used to estimate the total coating and the amount of PmMl2 that would 
potentially leach off coated surfaces. For example an extra corporeal circuit, made up of 
larger bore tubing, blood oxygenators and filters has a total surface area of approximately 
3 m2.16 Assuming a coating density of 20 pg/cm2, this would lead to a total of 1.8 g of 
polymer being coated. With 0.01% leaching of the polymer only approximately 0.2 mg 
would be lost from the entire surface area. The stability of PmMl2 plus the fact that it has 
been shown to be non toxic in a wide variety of toxicity tests,15 coupled with the good 
haemocompatibility data produced for PmMl2 coated surfaces indicates the suitability of 
the phosphoryl choline coating technique for application to medical devices that come 
into contact with blood and other biological fluids.15
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4.5 Conclusions and Further Work
The [3H]-PmzMly polymers show excellent stabilities under a wide range of 
conditions. The importance of using radiochemically pure polymers was illustrated as 
those containing radioactive impurities, detectable by radio-GPC, gave poorer results than 
the polymers deemed to have radiochemical purities of greater than 98%. Some 
radioactive material was shown to be removed from the coated surfaces, although in the 
case of the radiochemically pure polymers (>98%), this level of removal was below that 
detectable using radio-GPC. The later leaching studies carried out by Biocompatibles Ltd. 
showed that a portion of the removed radioactivity was volatile, indicating it not to be 
polymer. It is posible that a small degree of radiolytic degradation and exchange of the 
radioactivity with the leachant is occurring. Although the radioactive polymers have very 
low specific activities following dilution with unlabelled material, in the labelled species 
the radioactive sites are still close together because of the structure of polymer, possibly 
allowing low levels of radiolytic degradation to occur that could be sufficient to 
complicate the leaching results.
These leaching results are only concerned with the position of the radioactive 
label, in these [3H]-PmzMly polymers this is the alkyl chains of the polymer. However the 
interface with aqueous solutions is also concerned with the phosphoryl choline 
headgroups. Therefore it would be of interest to study these types of leaching experiments 
using a polymer labelled in the phosphoryl choline headgroup. Degradation studies on the 
radio-labelled polymers may provide information on the stability of the polymers and 
how degradation occurs.
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5.1 Introduction
Phospholipid molecules are the major structural components of natural cell 
membranes, but it is their physical relationship to each other and to water molecules that 
are of fundamental importance in membrane structure.1 Phospholipid structures and their 
interactions with water are attractive models for biological systems and hence this 
explains the large amount of work that has been carried out in this area.1’ 2>3’ 4
The properties of water in the vicinity of biological macromolecules and 
phospholipids differ significantly from the state of water in solutions of simple molecules 
in pure water. These types of molecules induce a characteristic water structure in their 
close vicinity due to weak molecular-water interactions. The solvent water molecules 
interact with the solute molecular species by electrostatic forces stemming from the 
presence of hydrophilic groups present in the solute. The interactions are based on 
electrostatic forces because of the high dipole moment of the water molecules, as well as 
through extensive hydrogen bonding by virtue of available proton donor and accepting 
sites.1 The water molecules that contribute to the hydration layer are dynamically 
orientated and exhibit restricted motion due to a significant decrease in the translational 
and rotational modes of motion caused by molecule-water interactions. As a result, the 
mobility and the extent of the ordering of hydrating water molecules are distinctly 
different from the characteristic fast and random motion of bulk water. However the 
overall behaviour of the water molecules in the hydration layer is not only influenced by 
simple molecular interactions but complicated by other factors such as thermodynamic, 
dynamic and structural aspects.1 ■5
Water-protein interactions in solution have been described in terms of a 
hydrodynamic sphere structure, Fig.5.1.6’ 7
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molecule
Fig. 5.1 Schematic representation of the water hydration layers around a protein.7
The hydrodynamic sphere contains a primary hydration shell (A) in which the 
molecular motions of the water molecules are determined by the polar sites on the 
macromolecule. The bulk water is described by area C. Region B arises from the spatial 
and orientational mismatch between regions A and C. This type of clathrate structure for 
water interaction has also been reported for phospholipid molecules.1 - 5
Experimental determination of the amount and structure of water around 
hydrophilic phospholipid headgroups e.g. phosphoryl choline containing molecules, has 
employed a number of different techniques including calorimetry,8’ 9 diffusion 
experiments10 and computer simulation techniques.11’ 12’ 13 However the most widely used 
technique for analysing molecular-water interactions involves nuclear magnetic resonance 
(NMR) spectroscopy. NMR spectroscopy is a powerful tool for studying in detail the 
structure, mobility and extent of ordering of water molecules in various biological 
systems. In order to fully appreciate the unique contribution of NMR spectroscopy in the 
domain of hydration studies it is important to note that the behaviour of the water 
molecule (H20) can be investigated by looking at the NMR spectroscopy of four different 
nuclei; these are the proton (lH), deuterium (2H), tritium (3H) and oxygen (170 ) .1 Water 
ordering in the proximity of proteins and phospholipids has been extensively studied 
using NMR spectroscopy methods, in particular ^H-NMR spectroscopy.1 - 5 Early studies 
on phosphoryl choline containing phospholipids used this technique to investigate dry
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and partially hydrated samples.14* 15 Information about the environment of the water 
molecules was obtained by studying the relaxation times of the hydrogen atoms in the 
water molecules. If a water molecule is tightly 'bound' to the hydrophilic headgroup its 
motion will be restricted leading to a shorter relaxation time of the hydrogen atoms. 
Hence the more mobile the motion of the water molecules the longer the relaxation times. 
These early NMR spectroscopy studies made use of the fact that the relaxation times of 
the hydrogen atoms in water are proportional to the line widths at half height of the 1H- 
NMR spectroscopy signal, Equation 5.1.16
The relaxation time, T  a  l / n A v ^  Equation 5.1
where Avj/2 = line width at half peak height.
From these experiments, estimates of the amounts of water associated with 
phosphoryl choline headgroups were made. These types of studies suggested that there 
were between 10-12 moles of water per mole of phosphoryl choline,3* 14>15 findings which 
compared favourably with earlier measurements from calorimetry e.g. 10 - 15 moles of 
H20 .3 However in the interpretation of these hydration results many complicating factors, 
including dynamic and viscosity considerations need to be taken into account.1 - 5 
Therefore the study of the hydration properties of phospholipids and proteins is not easy .
More recently deuterium (2H) NMR spectroscopy has been applied to the study of 
phospholipid hydration. This technique offers a number of distinct advantages over 
conventional ^H-NMR spectroscopy arising from the fact that deuterium has a nuclear 
spin (I) of 1 (cf. hydrogen, I = 1/2) .17 This means that the dominant pathway for 
relaxation for 2H-NMR spectroscopy is via quadrupolar relaxation, which is purely an 
intramolecular mechanism.17 Intermolecular interactions or interactions with 
paramagnetic ions, which complicate the interpretation of ^H-NMR spectroscopy have 
practically no effect on 2H relaxation times.17* 18 The relaxation times studied in these 
types of water (2H20) interaction experiments are concerned only with the spin-lattice 
relaxation process designated by the time constant Tj.1*17*18 The spin-lattice relaxation
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time ( 7 i ) ,  for deuterium atoms, is related to the rotational correlation time, t c , (rotational 
motion of the 2H2 0  molecule) by Equation 5.2.18
(H T \)  — 3/8(e2qQ/h)2xc Equation 5.2
Therefore: H T \ a  Tc, where (e^qQ/h) is a constant for deuterium
From this relationship the shorter the relaxation time (7^) the longer the rotational 
correlation time ( tc), hence the more restricted the motion of the molecule and the 
more tightly bound the molecule can be assumed to be, conversely the shorter the 
rotational correlation time the less tightly bound the water molecule is assumed to be. A 
quantitative interpretation of the deuterium Tj relaxation times in terms of an effective 
molecular correlation time is possible.1 "4 The simplest method for the determination of 
Ti relaxation times in liquids utilises the linewidth relationship, Equation 5.1, if the 
narrowing condition is satisfied.17 This relationship becomes increasingly inaccurate as 
rotational diffusion becomes faster.17 The standard method for 7  ^ measurement uses an 
inversion-recovery technique consisting of a 180xo-t-90x° pulse sequence.18’ 19 This 
provides the most versatile method for obtaining 7] values over a wide range. After the 
nuclear magnetisation has reached its equilibrium value Me, a 180x° pulse inverts the 
magnetisation to -Me, Fig.5.2.19
M; z
ÂV
X
180° .
X
Y *
yr
z -Me
Fig.5.2 Perturbation of the equilibrium nuclear magnetisation using a 180x° pulse.
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By spin-lattice relaxation the magnetisation returns to its equilibrium value 
according to Equation 5.3.18
Mz(0 = Me(l - 2exp[-f/r1]) Equation 5.3
A 90x° pulse at a time t after the 180x° pulse measures the magnetisation Mz(0- 
At t = 0 then Mz(7) = -Me, observed as an inverted NMR spectroscopy signal and as f -> 
oo then Mz(r) = Me, observed as a positive NMR spectroscopy signal, Fig.5.4.19
M c
M c
x
180° 
y -------- ►
180° 
y -------- ►
X
t = 0
-Ma
negative N M R  signal
y
t co
y
z -Mg
positive N M R  signal 
Fig.5.4 The effect of t on the relaxation of the nuclear magnetisation.
At a time t\ the magnetisation relaxes to a degree that the 90x° pulse gives no 
NMR spectroscopy signal and Mz(t) = 0. At this point 7  ^ = ^/ln2 = 1.45^. A plot of 
observed NMR spectroscopy signal intensity (I) against the time the 90x° pulse is applied 
after the 180x° pulse (t) gives a curve, Fig.5.5, and at the point where the line dissects the 
x-axis, Tj = 1.45^ . 18
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+
I
Ti = 1.45t
Fig.5.5 Variation of signal intensity (I) against time between 180x° and 90x° pulses (t).
It is necessary to wait a time interval of 57^ for the system to return to its 
equilibrium magnetisation between 180xo-f-90x° pulse sequences.18 A plot of ln(Me - 
Mz(0) against t yields the 7  ^value from the slope (-1/2.307]).18
The second advantage of using 2H-NMR spectroscopy is that under favourable 
circumstances the ordering of the water molecules at hydrophilic interfaces, such as 
proteins and phospholipids, may give rise to the phenomenon known as quadrupole 
splitting of the deuterium signal.17»18 Quadrupole splitting information can also provide 
an insight into the structure of the hydrating water layers.18
Deuterium NMR spectroscopy has been applied by several authors to investigate 
the hydration properties of phosphoryl choline containing phospholipid layers. The focus 
of this early work was on studying the quadrupole splitting of the 2H20  NMR 
spectroscopy signal at various stages of phospholipid hydration.20» 215 22’ 23> 24> 25 From 
these studies detailed molecular interpretations have been suggested. Later studies on 
phosphoryl choline containing phospholipids have studied the 7% relaxation times of the 
2H20  molecules in the hydration layers.26» 27 The results from these studies reported 
values of between 10-16 moles of 2H20  per phosphoryl choline molecule,26 results that
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are in reasonable agreement with those obtained from earlier NMR spectroscopy studies. 
More recent studies using computer simulation studies have suggested that this hydration 
sphere may contain slightly more water molecules (around 17-22 moles) .11*12 Deuterium 
NMR spectroscopy has allowed accurate studies of the properties of water around 
biological molecules to be achieved, although due to the complexity and dynamics of the 
hydration process it is difficult to define the quantities of water associated with various 
hydrophilic headgroups.
Phosphoryl choline containing coatings have been shown to confer 
biocompatibility to a wide range of synthetic substrates.28* 29* 30* 31 The reason for the 
biocompatibility of these phosphoryl choline surfaces is not fully understood, but is 
thought to stem from the fact that the phosphoryl choline headgroup has the ability to 
bind large quantities of water.31 Therefore it was important to be able to identify, at least 
in broad terms, those features necessary within a molecule to enable it to be used as a 
biocompatible coating. A series of compounds (2-7) were synthesised and a study to 
determine their respective abilities to behave as biocompatible coatings was put in place, 
Section 5.4.32
(1) Dipalmitoylphosphatidylcholine (DPPC).
(2) T16/alA  (75BB/111/4)
(3) T16/al3A (119BB/134/1)
(4) T16/a3A (101BB/136/1)
(5) T16/xlA (101BB/142/1)
(6) T16/%4A (120BB/146/1)
- P - 0
(7) Tl 6/ccI (121BB/105/3)
It was decided to determine the role of water with respect to these compounds. 
The overall objectives of the work could be summarised as understanding the 
relationships outlined below.
Chemical structure
Biological properties <------- ► Water binding
In order to evaluate the degree to which the various headgroups in compounds 2-7 
bind water it was essential to develop a technique that allowed this information to be 
acquired. Deuterium NMR spectroscopy has been shown to allow investigation of the 
hydration phenomenon in phosphoryl choline containing compounds by the study of the 
relaxation times of the 2H20  molecules bound to the phosphoryl choline headgroup.26 27 
By manipulation of this 2H-NMR spectroscopy technique it was possible to study water 
associated with the headgroups. Dipalmitoylphosphatidylcholine (DPPC) (1) was
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investigated as a reference compound as it should behave in a similar way to T16/al A (2) 
because both possess identical headgroups. By comparing the hydration results with the 
biological (haemocompatibility) data it may allow a correlation between the two to be 
made. If a positive correlation could be deduced then 'new' headgroups could be subjected 
to similar 2H-NMR spectroscopy investigations to give an idea of how they may perform 
in haemocompatibility tests.
;
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5.2 Experimental
The compounds 1-7 were dissolved in CHCI3 and then varying amounts of 
deuteriated water (D20), 1 -25 pi, were added. After each addition the 7  ^ relaxation time 
of the 2H20  signal was measured using the inversion - recovery method.
5.2.1 Materials and Reagents
The compounds under investigation were very hygroscopic and therefore required 
thorough drying prior to use. They were dried under vacuum at 40°C for 24 hours and 
stored and handled under a nitrogen atmosphere.
The 2H-NMR spectroscopy solvent used was chloroform (Romil Chemicals, SpS 
grade) dried by the method of Vogel.33 The CHCI3 was left to dry over M gS04 overnight 
to remove traces of water and then filtered through an alumina column to remove the 
ethanol stabiliser. The resulting dry CHC13 (< 0.002% H20 , Karl Fischer) was kept over 
4A molecular sieve and used within 24 hours for 2H-NMR spectroscopy analysis. The 10 
mm diameter NMR spectroscopy tubes were cleaned with dry CHCI3 and dried in a 
drying oven (100°C for 1 hour) and cooled under a nitrogen atmosphere.
5.2.2 2H-NMR Spectroscopy Sample Preparation.
The compounds (1-7) were weighed in sealed containers under nitrogen, post 
drying, and dissolved in dry CHC13 (1.25 ml). After complete dissolution the solution 
was transferred to a clean dry 10 mm diameter NMR spectroscopy tube under nitrogen. 
The original vial was re-weighed and the amount of solute was deduced by the difference 
in the two weighings (Table 5.1).
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Compound Amount used for 2H-NMR Spectroscopy Analysis
DPPC 30 mg
T16/ctlA 29 mg
T16/ctl3A 32 mg
T16/a3A 34 mg
T16/xlA 25 mg
T16/%4A 23 mg
T16/ctl 21 mg
Table 5.1 Amount of the various compounds (1 - 7) used for hydration studies.
Once the solution was transferred to the 10 mm diameter NMR spectroscopy tube 
the top was sealed with a silicone septum and the sample solution degassed to remove 
any dissolved gases, especially oxygen, that may interfere with the relaxation 
process.17’ 18 The degassing procedure was carried out by a freeze-thaw method. The 
sample solution was frozen (liquid nitrogen) and the tube evacuated. The sample solution 
was allowed to thaw with the evolution of any dissolved gases. This fireeze-thaw 
procedure was carried out 3 times to ensure complete degassing and after the final thaw 
stage the tube was filled with nitrogen gas. The D2O was introduced via a 5 pi Hamilton 
syringe through the silicone septum and directly into the CHCI3 solution. To thoroughly 
mix the D2O/CHCI3 solution, the solution was sonicated for approximately 2 minutes. 
Finally the tube was fitted with a vortex plug prior to carrying out the 2H-NMR 
spectroscopy experiment, Fig.5.7.
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Injection of 2H20  aliquots
10 mm diameter___
NMR spectroscopy tube
Sample solution
Silicone septum
Vortex plug
Fig.5.7 Schematic diagram of 2H-NMR spectroscopy tube set-up.
In due course additional aliquots of D20  were added directly into the sample 
solution using the 5 pi Hamilton syringe and the solution sonicated for approximately 2 
minutes.
The 2H-NMR spectra were accumulated using the inversion-recovery method18’ 19 
using a Bruker AC 300 NMR spectrometer operating at 46.1 MHz. The T\ relaxation 
times were calculated from the data using the Bruker T\ program.34
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5.3 Results
Initially, before any information on the relaxation times of the deuterium nuclei 
could be gained from the 2H-NMR spectroscopy experiment, the value of the 180x° pulse 
had to be experimentally determined. This was carried out by studying the effect of 
various pulse lengths on a D20  sample to establish the pulse time for the 90x° pulse i.e. 
maximum positive signal of the deuterium signal. The 90x° pulse was found to be 14.25 
ps. Therefore the 180x° pulse was taken to be 28.5 ps.
The compounds (1-7) were analysed by 2H-NMR spectroscopy at different 
degrees of D20  hydration. At each stage the value of for the deuterium nucleus was 
measured. The method was the same for all the compounds studied, the only difference 
being the amount of compound used in each study, Table 5.1. An example of the results 
obtained for the reference compound, DPPC, is given below.
Ten different values of t were investigated in the 180xo-Z-90x° inversion-recovery 
experiment to take the 2H-NMR spectroscopy signal from a large negative signal through 
to a large positive signal, Table 5.2, Fig.5.8.
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Spectrum Number Value of t (seconds)
1 0.0030
2 - 0.0050
3 0.0080
4 0.0100
5 0.0150
6 0.0200
7 0.0400
8 0.0800
9 0.1600
10 0.5000
Table 5.2 Values of t used in the 180xo-f-90x° inversion-recovery experiment
Spectrum Number
5
10
Fig.5.8 2H-NMR spectroscopy signal (^H^O signal) with variation of t.
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The analysis was carried out for the various degrees of D20  hydration and the 
values of Tj calculated from the results. In the case of DPPC the values of 7  ^ are shown 
against the degree of hydration, expressed as number of moles of D20  per mole DPPC, 
Table 5.3.
Volume D20  
(pl)
No. moles 
D20  ( x  105)
Ratio of 
D20:DPPC
Ti observed 
(ms)
UTi observed 
(s-1)
1 5.5 1.4 12 83
2 11 2.8 15 67
4 22 5.6 29 35
6 33 8.4 45 22
10 55 13.9 6 6 15
12 66 16.7 84 12
16 88 22.3 101 10
20 110 27.8 112 9
NB. DPPC experiment used 30 mg (3.95 x 10"5 moles). Section 5.2.
Table 5.3 T\ relaxation times at various levels of D20  hydration .
Unfortunately the T\ values are not available for higher levels of hydration (> 20 
moles D20/mole DPPC) as above these levels of D20  the compound starts to precipitate 
out of solution. As the rotational correlation time, which is directly related to the 
environment of the D20  molecules, is inversely proportional to the T\ relaxation time 
(Equation 5.2) the results are shown as l/Tj against number of moles D20/mole DPPC, 
Table 5.3, Fig.5.9. The results for the other compounds (2-7) are plotted in the same way 
and are shown in Figs. 5.9-12.
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Fig.5.10 Relationship between MT\ and D20  hydration for T16/alA, T16/al3A  and 
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The T\ relaxation time for free water (D20) in chloroform (CHCI3), was 
determined by carrying out the 2H-NMR spectroscopy inversion-recovery method on a 
CHCI3 solution saturated with D20 . The value of T\ was found to be 1.4 seconds. In 
order to determine this the values of t in the inversion-recovery program had to be 
increased to take this longer relaxation time into account (0.020 - 10.00 seconds, Section 
5.3).
The significance of these results is described in Section 5.4.
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5.4 Discussion
The object of this work was to try and understand the relationships between 
chemical structure, biological (haemocompatible) properties and water binding of the 
compounds (1 - 7). These compounds have been fully characterised and their 
haemocompatible properties investigated.32 This investigation involved coating the 
compounds onto a polyethylene substrate and then evaluating these surfaces for their 
interactions with fibrinogen ( a blood protein) and blood platelets, by comparison to an 
uncoated control. The more effective the coated surface is at reducing protein adsorption 
and the activation of platelets the better the haemocompatible properties. Therefore a 
haemocompatible surface would have very low levels of fibrinogen adsorption and 
platelet activation.
Phosphoryl choline (DPPC (1)) coated surfaces have been shown to be highly 
effective at reducing fibrinogen adsorption and platelet activation.28 29 In 
haemocompatibility tests, Table 5.4, T 16/al A (2) behaved very similarly to DPPC (1), 
completely reducing the activation of platelets and reducing fibrinogen adsorption by 
95%, by comparison to an uncoated control. The similarity of the results between DPPC 
(1) and T16/alA  (2) indicate the effectiveness of the phosphoryl choline headgroup in 
conferring haemocompatibility. The compounds with the extended alkyl spacers between 
the anion and cation, T16/al3A (3) and T16/a3A (4) show very similar 
haemocompatibility results to T16/alA (2). The phosphonate headgroup containing a 
three carbon alkyl chain, T16/%4A, (6) showed similar results to compounds 2 - 4 .  T16/% 
1A (5) (containing a two carbon alkyl chain) only reduced fibrinogen adsorption by 20% 
and platelet activation by 50%. The aromatic headgroup containing compound, T16/al 
(7) performed well in haemocompatibility tests showing a significant reduction in 
fibrinogen adsorption and platelet activation.32
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Compound % Reduction in Fibrinogen 
Adsorption
% Reduction in Platelet 
Activation
T16/alA(2) 94 100
T16/al3A (3) 95 92
T16/a3A (4) 91 94
T16/%1A(5) 20 58
T16/%4A (6) 89 100
T16/al (7) 89 94
Table 5.4 Reduction in fibrinogen adsorption and platelet activation for the compounds 
under investigation, compared to uncoated controls32
DPPC (1) and T16/alA  (2) contain identical phosphoryl choline headgroups and 
possess comparable haemocompatibility properties, therefore it is reasonable to assume 
that they should interact with water in a similar way and to a similar degree. Inspection of 
the results indicates that this is the case, Fig.5.9. The l/7\ relationship compared to the 
molar ratio of D20  for the two compounds shows a similar exponential decrease, 
levelling off at around 20 moles D20 . At low levels of D20  the relaxation times for 
both compounds are short ( < 1 0  ms), indicating the restricted motion and environment of 
the D20  molecules due to binding to the hydrophilic phosphoryl choline headgroups. The 
similarity of these two sets of results confirms the response of the 2H-NMR spectroscopy 
method on two identical headgroup containing compounds and therefore allows the 
results from the other compounds (3 - 7) to be compared. The reasons for these types of 
results are complex and governed by dynamic interactions of water bound to the 
headgroups, trapped water and bulk water.1»18 As D20  is added to the solutions of these 
compounds in CHCI3 micelles are likely to form, Fig.5.8.
water chloroform
/
O  - Polar headgroup
- Hydrophobic alkyl chains
Fig.5.8 Micelle formation of compounds 1 - 7 in water/chloroform mixtures.
The polar headgroups would be expected to associate with the water molecules, 
with the alkyl chains extending into the bulk solvent. This type of behaviour would be 
expected for all the compounds under investigation. At low levels of hydration the water 
is more likely to be bound to the headgroups in an ordered state leading to short T\ 
relaxation times. As the level of hydration increases the relaxation times increase, 
probably due to the exchange between the bulk and bound water. Finer and Darke22 
studied similar D^D - phosphoryl choline interactions and concluded that a variety of 
different types of water had to be considered, e.g. bulk water exchanging slowly with 
phosphoryl choline associated water, trapped water which rotates isotropically and is in 
rapid exchange with bound water and bound water, of which there may be several 
different types, with different degrees of orientational motion.18’22
The three compounds containing 2, 4 and 6 carbon spacers between the cation and 
anion, T16/oclA (2), T16/ocl3A (3) and T16/a3A (4) respectively, might expect to show a 
trend in their interactions with D20  due to the differences in distance between the 
charged species. The three sets of results (Fig.5.10) all level out at similar degrees of 
hydration (approximately 20 moles D20) but show differences in T\ values at lower 
levels of hydration. Below 5 moles of D20  the shortest T\ relaxation times are observed 
for T16/alA  (2) then T16/al3A (3) and the longest relaxation times for T16/a3A (4). 
This gives a relationship between alkyl chain spacer length and shortest T\ relaxation 
times in the order 2, 6 and 4. One possible reason for these observations could be that as 
the distance between the cation and anion decreases the tighter the water is bound. In the 
T16/al3A (3) compound the flexibility of the 6 carbon alkyl spacer may cause the cation
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and anion to be closer together than in the 4 carbon spacer, T16/a3A (4). Differential 
scanning calorimetry analysis has tentatively suggested that this may be the case.
The phosphonate species, T16/%1A (5) and T16/%4A (6) (Fig.5.11) show similar 
results to T16/oclA (2), but at higher levels of hydration the phosphonate and phosphoryl 
choline results do not coincide. The compound T16/%1A (5) exhibited poor 
haemocompatible properties, but from the analysis of the T\ relaxation time data no 
simple explanation for this fact emerges. This suggests that a simple relationship between 
bound water and haemocompatibility does not exist and that other factors need to be 
taken into account.
The results from the analysis of T16/al (7) (Fig.5.12) show a large difference 
from the T16/oclA (2) experiment. The curve at low levels of hydration shows longer T\ 
relaxation times compared to those of T 16/a 1A (2), at the same level of hydration, but 
the curves do coincide at hydration levels of approximately 20 moles of D20.
Borle and Seelig26 studied the hydration of phosphoryl choline containing lipids 
with D20  using a similar 2H-NMR spectroscopy technique, in the absence of a solvent. 
These results showed very similar exponential relationships between l/Tj and water 
content. They concluded from their results that a primary hydration shell was evident 
characterised by an average relaxation time of T\ = 90 ms, comprising of between 11 and 
16 moles of D20 . The results from the study of DPPC (1) and T16/alA  (2) are 
comparable as above T\ relaxation times of 100 ms the curves become linear, 
corresponding to approximately 20 moles of D20  per mole of compound. Within this 
region the T\ relaxation times are probably influenced by the headgroup - water 
interactions and above this level of D20 , exchange between hydration water and bulk 
water is more likely to predominate. Possible evidence for this is indicated by taking the 
T\ relaxation time of D20  in CHC13. This value was very long, approximately 1.4 
seconds, indicating rapid molecular motion. At levels of hydration greater than 20 moles 
of D20 , in all the experiments, the T\ relaxation times are much smaller than this value. 
By exchange between bound and bulk water the average T\ relaxation time would 
become an intermediate value between the two types of water.
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5.5 Conclusions and Further Work.
Comparison of the haemocompatibility data and the T\ relaxation times does not 
seem to allow any straightforward correlation between the two to be drawn up. However 
reproducible T\ relaxation results were produced from two different compounds 
containing the same phosphoryl choline headgroup and possessing similar 
haemocompatible properties. The trend between the carbon spacer length, between the 
anion and cation, indicated that orientational factors of the headgroup may play an 
important role in the ability of these types of compound to associate with water. The poor 
haemocompatible properties demonstrated with T16/%1A (5) were not reflected in this 
study as it would indicate that the two phosphonates interact with water in a similar way. 
The results show similarities with earlier work carried out in this area and could possibly 
indicate the presence of a hydration shell consisting of bound water (T  ^ < 100 ms), 
containing in the region of 20 moles of D20 . Above this level of hydration exchange 
between bulk water and bound water may contribute to produce a more linear relationship 
between T\ and further D20  addition.
In order to further study the ordering of water around the headgroups in the 
compounds (1 - 7), quadrupolar splitting techniques may allow additional information to 
be gained. Aqueous dispersions of the compounds may also provide information about 
the hydration phenomenon, as this process may eliminate micelle formation within 
solution.
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